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TRANSIENT  VELOCITY  ASSESSMENT  IN  GALLIUM  ARSENIDE,  AND 
OP  OTHER  GaAS  CHARACTERISTICS  RELATED  TO  DEVICE  FUNCTIONS 


Pinal  Technical  Report 
Executive  Summary 

Our  efforts  during  this  12-month  study  have  been  divided 
into  the  areas  of  four  tasks,  in  two  general  areas  of  GaAs 
technology.  These  are: 

I.  Collection  and  assessment  of  literature  and  other 
database  information  concerning  experimental  and 
theoretical  aspects  of  high  electronic  velocity 
phenomena  in  GaAs. 

II.  A  critique  of  the  above  literature,  to  suggest  guidelines 
for  future  DARPA-sponsored  work  on  high-speed  GaAs  device 
concepts. 

III.  Collection  and  assessment  of  data  concerning  EL2  and  other 
significant  extrinsic  properties  in  semi-insulating  (SI) 
gallium  arsenide. 

IV.  A  summary  of  work  that  has  been  done  in  various  laboratories 
to  map  properties  of  GaAs  wafers  (such  as  EL2  density),  and 
of  comparable  attempts  to  map  device  parameter  shifts  across 
GaAs  wafers.  This  has  been  complemented  by  work  done  at  the 
Oregon  Graduate  Center  for  quantitative  mapping  of  EL2  con¬ 
centration  etc.,  work  done  partly  under  NSF  sponsorship  and 
partly  to  provide  information  assisting  DARPA  programs. 

The  data  collection  involved  in  Task  I  was  deliberately 
restricted,  in  the  latter  stages  of  the  work,  to  concentrate  on 


■i 


device  concepts  having  the  greatest  potential  (in  our  estimation) 
for  achieving  significant  velocity  overshoot  or  ballistic  trans¬ 
port.  Our  conclusion  is  that  the  greatest  potential  lies  with 
vertically-oriented  devices,  rather  than  those  (such  as  normal 
MESFETs,  or  MODFETs)  with  electron  transport  parallel  to  the 
surface.  Thus  the  bibliography  of  232  items  contained  within 
Part  I  of  this  Report  has  more  than  half  of  the  entries  dealing 
with  vertically  oriented  geometry  concepts  and  experiments: 
the  permeable  base  transistor,  the  planar-doped  barrier  trans¬ 
istor,  the  heterojunction  bipolar  transistor  (HBT) ,  and  some 
other  even  more  specialized  device  concepts. 

Part  II  of  the  Report  reports  on  our  critique  and  assessment 
not  only  of  where  these  devices  stand  now,  but  their  potential 
(if  any)  for  substantial  further  improvement.  Comments  are  made 
concerning  each  of  the  three  device  arrangements  just  mentioned 
above,  with  the  maximum  optimism  expressed  (still  with  caution) 
for  the  HBT.  The  permeable  base  transistor's  dependence  on 
improved  lithography  for  any  improvement  in  speed  is  noted  as 
a  likely  limitation;  while  the  scattering  of  electrons  by 
coupled  plasmon-optical  phonon  modes  appears  a  severe  drawback 
for  planar-doped  barrier  devices.  Difficulties  with  HBTs  are 
noted,  particularly  the  conduction  band  spike  that  will  occur 
at  each  hetero junction  (and  a  HBT  may  have  heterojunctions  at 
the  emitter  end  alone,  or  at  both  ends  of  the  base)  unless  a 
regime  of  compositional  and  doping  grading  can  be  laid  down 
(typically  by  epitaxy)  to  avert  this  problem. 
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Part  III  of  the  report  contains  a  discussion  of  the  large 
amount  of  work  which  has  gone  on  worldwide  over  the  past  eight 
years  to  elucidate  the  atomic  nature  of  the  midgap  defect  known 
generally  as  EL2 .  Despite  all  this  work,  and  despite  a  strong 
presumption  that  a  AsGa  antisite  is  involved  in  EL2,  there  has 
been  no  unanimity  of  scientific  opinion  as  to  whether  EL2  could 
be  an  isolated  antisite  (apparently  ruled  out  by  some  experiments) 
or  whether  this  is  part  of  a  complex  involving  two  (or  perhaps 
even  more)  sites.  It  appears  to  us  a  matter  of  importance  that 
this  problem  should  be  solved,  and  that  increased  attention  to 
the  high  temperature  defect  chemistry  of  GaAs  is  an  essential 
in  doing  so. 

Understanding  of  the  precise  nature  of  EL2  is  important 
since  it  is  present  in  a  concentration  large  enough  (up  to  1  ppma) 
to  control  the  Fermi  energy  in  undoped  GaAs;  and  since  that 
concentration  is  affected  by  the  conditions  of  growth,  annealing, 
etc.  In  the  absence,  to  date,  of  that  full  understanding,  it 
does  become  particularly  important  that  EL2  concentration,  its 
variation  across  a  wafer  and  through  an  ingot,  and  from  one  ingot 
to  another,  be  measured  -  so  that  at  least  some  degree  of  control 
can  be  exercised  pending  full  understanding.  It  is  also  important 
to  map  other  significant  extrinsic  variables  of  GaAs,  and  the 
question  arises:  which  are  the  most  important  ones?  Dislocations 
have  been  examined  in  several  recent  studies,  though  it  is  not 
clear  whether  a  dislocation  affects  a  device  such  as  a  GaAs  MESFET 
directly,  or  only  indirectly. 

In  the  concluding  sections  of  the  narrative  reported  here, 
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Part  IV  of  the  Report  lists  papers  that  have  appeared  in  recent 


years  concerning  attempts  to  map,  and  to  correlate,  various 


extrinsic  properties  of  GaAs  (resistivity,  dislocations,  EL2, 


carbon,  etc.)  and  device  parameters.  That  list  includes  work 


carried  out  at  the  Oregon  Graduate  Center  for  the  mapping  of 


EL2,  dislocations,  and  correlation  with  resulting  properties  of 


devices  fabricated  at  Triquint  Semiconductor.  A  conclusion  of 


that  work  is  that  the  local  EL2  concentration  is  significant  in 


determining  MESFET  parameters  such  as  Vfch  and  Idss*  Part  IV 
of  the  Report  additionally  illustrates  information  about  EL2 


mapping  done  in  order  to  assist  other  DARPA  contractors. 


including  measurements  made  of  wafers  surface-treated  at  ARACOR, 


and  EL2  maps  for  wafers  from  crystals  grown  at  Westinghouse . 
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Final  Technical  Report 

He  will  now  discuss  the  program  in  detail,  dividing  the  report 
into  the  same  four  areas  mentioned  in  the  summary.  These  tasks 
are  reported  on  in  Parts  Z  through  IV  of  the  Report. 

I.  Collection  of  literature  concerning  high  electronic  velocity 
in  GaAs. 

Throughout  the  year  that  this  report  covers,  we  have 
been  collecting  literature  dealing  with  the  general  topic  of  high 
electronic  velocity  in  GaAs  and  other  similar  materials.  In 
addition  to  searching  the  pre-existing  literature,  we  have  been 
continually  adding  to  our  collection  from  the  current  litera¬ 
ture  . 

During  the  first  six  months  of  this  contract,  we  concen¬ 
trated  primarily  on  studying  the  limitations  to  electronic 
velocity  in  GaAs  and  related  materials.  This  part  of  the  work 
dealt  with  the  different  scattering  mechanisms  that  influence  the 
mean  free  path  of  the  carriers,  as  well  as  properties  of  the 
materials  themselves.  From  this  initial  study,  which  will  be 
discussed  in  Part  II  of  this  report,  we  arrived  at  the  conclu¬ 
sion  that  devices  where  the  carrier  motion  is  vertically  oriented 
offer  the  best  possibilities  to  exploit  the  higher  electronic 
velocities  present  in  GaAs. 

The  study  of  various  vertically-oriented  devices  occupied 
the  second  half  of  this  project.  We  collected  literature  dealing 


with  a  number  of  different  geometries,  all  of  which  show  consi¬ 
derable  promise.  The  device  structures  most  discussed  in  the 
literature  are  the  permeable  base  transistor,  the  plana-  doped 
barrier  transistor  and  the  hetero junction  bipolar  transistor. 
We  have  concentrated  primarily  on  these  three  device  types, 
although  others  were  also  briefly  considered. 

Our  library,  then,  has  been  divided  into  several  categor¬ 
ies.  The  first,  (Section  Z.A)  deals  with  general  topics  from  the 
first  period  of  the  study.  We  then  have  sub-sections  for  each  of 
the  three  main  device  types  considered,  as  well  as  a  brief 
listing  for  other  structures.  It  should  be  pointed  out  that  we 
have  not  included  any  of  the  voluminous  literature  concerning 
devices  where  the  electronic  flow  is  parallel  to  the  surface,  or 
horizontal.  This  exclusion  eliminates  all  mention  of  devices 
such  as  standard-geometry  FETs,  MODFETs  or  HEMTs,  2DEG ,  etc.  Our 
library  comprises  the  remainder  of  Part  I. 

The  bibliographic  listings  extending  over  pages  10  through 
44  of  this  Report  contain  232  items  in  all,  and  are  sequentially 
numbered  1  through  232  in  the  left  margins  of  these  pages.  As 
noted  again  on  page  44,  that  permits  us,  in  the  narrative  of  Part 
II  of  this  Report  (starting  on  page  45)  to  cite  any  one  of  these 
items  by  its  number  in  parentheses.  Thus,  a  citation  (155) 
directs  the  reader  to  the  1982  paper  on  HBTs  by  Kroemer  listed  on 
page  32. 
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Note  on  the  GaAs  High  Electron  Velocity  Bibliography 
This  bibliography  is  not  intended  to  be  complete.  It  has 
been  divided  into  two  main  sections,  the  first  containing  papers 
that  discuss  ballistic  transport,  velocity  overshoot  and  similar 
topics  of  a  general  nature.  The  second  section  contains  litera¬ 
ture  dealing  with  specific  three-terminal  devices,  and  is  further 
divided  into  several  subsections,  each  of  which  deals  with  a 
different  device  geometry.  Due  to  our  belief  that  devices  that 
hope  to  utilize  the  high  electronic  velocity  in  GaAs  and  related 
materials  to  it6  highest  capabilities  must  have  the  electronic 
motion  in  a  direction  perpendicular  to  the  surface  of  the  device, 
we  have  not  included  any  of  the  voluminous  literature  on  surface- 
parallel  geometries  such  as  FETs,  HEMTs,  MODFETs,  etc.  The 
literature  is  arranged  chronologically  by  year  and  alphabetically 
by  first  author  within  each  year. 
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published  piece  of  work  other  than  items  in  the  high  electron 
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indicated  in  the  text  by  a  superscripted  numeral,  and  the  listing 
of  those  references  is  provided  following  Part  IV,  starting  on 
page  102  of  this  Report. 
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II.  Assessment  of  the  literature  to  suggest  guidelines  for 
future  DARPA-sponsored  work. 

This  Part  of  the  final  technical  report  presents  a  broad 
overview  of  the  literature  listed  in  I.  above.  The  goal  of  the 
research  program  has  been  to  study  the  literature,  examine 
carefully  the  assumptions  made  and  experiments  undertaken,  and 
then  to  use  this  body  of  knowledge  to  suggest  which  directions  of 
research  might  be  most  profitable.  As  discussed  in  the  six-month 
report,  our  study  of  the  literature  has  led  us  to  believe  that 
previously  neglected  scattering  mechanisms  limit  the  mean  free 
path  for  electrons  in  GaAs  to  quite  short  distances  -  on  the 
order  of  400  angstroms.  Since  in  a  device  such  as  an  PET  or 
MODFET,  the  electrons  travel  parallel  to  the  surface  (horizon¬ 
tally)  the  short  distance  between  scattering  collisions  places 
extreme  sub-micron  demands  on  device  lithography  and  processing. 

Devices  where  the  electrons  travel  perpendicular  to  the 
surface  (vertically),  such  as  bipolar  transistors,  do  not  suffer 
these  same  limitations.  Even  with  current  technology,  it  is 
quite  routine  to  produce  layer  thicknesses  on  the  order  of  a  few 
hundred  angstroms.  Thus  the  short  scattering  length  does  not 
pose  as  serious  a  problem  for  the  vertically  oriented  devices. 

This  Part  is  divided  into  three  sections.  In  the  first 
(Section  II. A),  we  briefly  recapitulate  the  arguments  presented 
in  the  six  month  technical  report  that  led  us  to  believe  that 
vertical  devices  offer  greater  promise.  We  then  discuss  the 
limitations  to  electronic  velocity  presented  by  various  scatter- 
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ing  mechanisms  that  may  be  present,  as  well  as  those  presented  by 
the  material  itself.  The  narrative  continues  by  pointing  out 
directions  in  which  we  feel  that  future  research  might  be 
directed.  Here  we  briefly  discuss  horizontal  device  structures, 
and  deal  extensively  with  three  of  the  more  promissing  possibili¬ 
ties  for  vertical  devices.  Section  II. C.  discusses  in  some 
detail  the  permeable  base  transistor,  the  planar  doped  barrier 
transistor,  and  the  hetero junction  bipolar  transistor.  Several 
other  device  structures  will  also  be  mentioned. 

II. A.  Limitations  due  to  scattering  in  GaAs . 

There  are  several  factors  that  limit  the  electron  drift 
velocity  in  GaAs.  Many  of  these  factors  are  associated  with 
scattering  of  the  electrons.  Several  types  of  scattering  are 
important  and  must  be  descussed.  Traditionally,  when  velocity 
limitations  due  to  scattering  are  discussed,  three  mechanisms  are 
stressed:  collisions  with  acoustic  phonons  through  the  deforma¬ 
tion  potential,  collisions  with  polar  optic  phonons,  and  ionized 
impurity  scattering.  In  addition  to  these  well-known  mechanisms, 
several  other  types  of  scattering  are  increasingly  being  recog¬ 
nized  as  playing  an  important  role  in  determining  the  scattering 
length  of  electrons  in  GaAs,  and  thus  the  velocity. 

Since  we  are  concerned  with  the  velocity  of  electrons  in 
GaAs,  it  is  necessary  to  be  somewhat  familiar  with  the  structure 
of  the  conduction  band  in  this  material.  As  shown  in  Figure  1, 


this  band  is  characterized  by  a  direct  minimum  at  the  gamma 
point,  with  two  higher  valleys.^-  The  L  band,  in  the  [111] 
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Figure  1.  The  uppermost  valence  bands  and  lower 
conduction  bands  of  GaAs,  from  the  1982  review  by 
Blakemore.^  (Reference  citations  given  as  supersc¬ 
ripts  are  described  in  the  Reference  list  following 
Section  IV  of  this  Report.) 


direction,  has  its  minimum  at  about  0.36  eV  above  the  gamma 
minimim,  and  the  X  band,  in  the  [100]  direction,  is  slightly 
higher  than  the  L  band.  It  is,  of  course,  most  favorable 
energetically  for  the  electrons  to  be  in  the  gamma  band. 
However,  scattering  processes  and  the  application  of  electric 
fields  can  cause  appreciable  fractions  of  the  electronic  popula¬ 
tion  to  reside  in  the  L  and  X  valleys.  The  sharply  curved 
central  minimum  corresponds  to  an  effective  mass  of  only  0.063  m, 
where  m  is  the  free  electron  mass.  The  smaller  curvature  of  the 
L  and  X  valleys  leads  to  effective  masses  of  0.22  m  and  0.58  m 
respectively.  Thus  when  electron  are  scattered  from  the  gamma 
band  to  either  of  the  two  higher  lying  bands,  the  mobility 
suffers  drastically.  It  becomes  imperative,  then,  to  keep  as 
large  a  fraction  of  electrons  as  possible  in  the  gamma  band  for 
as  long  as  possible,  if  very  high  electronic  velocities  are  to  be 
realized. 

Interband  transfer  of  electrons  is  accomplished  primarily  by 
two  mechanisms.  In  any  type  of  device,  the  electrons  will  be 
under  the  influence  of  an  electric  field.  The  application  of 
this  field  can  give  enough  energy  to  electrons  to  boost  signifi¬ 
cant  numbers  of  them  into  the  higher  bands.  The  effect  of  the 
field  on  the  upper  valley  populations  in  shown  in  Figure  2. 
Since  the  electronic  states  in  these  bands  have  lower  mobilities, 
as  greater  numbers  of  electrons  are  raised  to  the  higher  valleys, 
the  average  electron  velocity  actually  decreases.  Thus  the  net 
effect  is  the  well-known  retrograde  electron  velocity-field 


ELECTRIC  FIELD  (fcV/cm) 


Figure  2.  Fraction  G  (E)  of  electrons  in  the  upper 
valleys,  and  average  electronic  energy  w(E),  as 
functions  of  electric  field.  From  Cook  and  Frey  (57) 


characteristic  in  GaAs.  At  low  applied  electric  fields,  the 
average  velocity  increases.  Then,  at  higher  fields,  the  velocity 
levels  off,  and  the  application  of  even  higher  fields  causes  a 
lowering  of  the  average  electronic  velocity. 

The  second  mechanism  that  often  boosts  electrons  from  the 
gamma  valley  to  the  upper  ones  is  scattering.  A  large  number  of 
scattering  mechanisms  can  be  responsible.  Among  the  most  common 
are  collisions  with  acoustic  phonons  through  the  deformation 
potential,  collisions  with  polar  optic  phonons,  and  ionized 
impurity  scattering  (16).  Recent  experimental  work  has  shown 
that  several  other  mechanisms  also  play  major  roles  in  limiting 
the  electronic  velocity.  These  "new"  scattering  mechanisms 
primarily  involve  electron  interactions  with  other  electrons  or 
plasmons,  and  will  be  discussed  later. 

One  further  restraint  on  the  magnitude  of  the  electronic 
velocity  needs  to  be  mentioned.  By  definition,  the  group 
velocity  of  electrons  in  a  material  is  given  by  (dw/dk),  where  w 
is  the  angular  frequency  and  k  is  the  wave  vector  of  the  elec¬ 
trons.  This  can  be  written  as  ( 1/ft) (dE/dk ) ,  which  is  just  a 
constant  times  the  slope  of  the  E(k)  relationship.  Thus,  the 
greater  the  slope  (the  first  derivative),  not  the  curvature  (the 
second  derivative),  the  higher  will  be  the  velocity  of  the 
electrons.  For  the  conduction  band  of  GaAs  (shown  in  Figure  1), 
the  maximum  slope  occurs  at  the  gamma  minimum  in  the  (100) 

direction.  This  value  of  dE/dk  corresponds  to  a  maximum  elec- 
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tronic  velocity  of  1  x  10  cm/s.  This  value  presents  the  largest 
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velocity  possible  for  electrons  in  GaAs .  It  places  an  upper 
limit  on  the  claims  of  the  theoretical  calculations. 

II. B.  Theoretical  and  Experimental  Reports  on  High  Elec¬ 
tronic  Velocity  in  GaAs. 

In  this  section,  we  will  briefly  mention  some  of  the 
literature,  both  theoretical  and  experimental  listed  in  the 
bibliography  (Part  I  of  this  Report)  concerning  the  possibilities 
for  achieving  very  high  electronic  velocities.  The  theoretical 
work  can  be  broken  into  two  broad  groups.  The  first  involves 
primarily  Monte  Carlo  types  of  calculation.  The  second  group  of 
models  is  based  on  a  hydrodynamic  interpretation  of  the  Boltzmann 
Transport  Equation.  This  first  type  of  calculation  is  numeri¬ 
cal.  The  second  is  analytical.  In  discussing  the  theoretical 
results,  we  will  attempt  to  identify  to  which  school  the 
particular  calculation  belongs. 

One  of  the  earliest  Monte  Carlo  predictions  was  made  in  1972 
by  Ruch  (5).  His  calculation,  assuming  that  the  dominant 
scattering  mechanism  was  collisions  with  polar  optic  phonons, 
concluded  that  the  electrons  could  reach  a  maximum  speed  of  4.7  x 

7 

10  cm/s.  Carnez  et  al .  claimed  that  by  using  pulsed  fields  and 
with  gate  lengths  of  only  0.2  micron,  the  electrons  could  reach  a 
peak  velocity  of  8  x  107  cm/s  (25).  Shur  and  Eastman  discussed 
the  possibility  of  injecting  electrons  that  already  had  a 
considerable  amount  of  energy  -  some  value  less  than  the  0.36  eV 
difference  between  the  gamma  and  L  bands  (21).  Their  calcula¬ 
tion,  an  analytical  one,  predicted  top  speeds  in  the  mid  107 
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range  for  devices  at  77  K.  From  their  model,  they  inferred  that 
ballistic  transport,  i . e . ,  transport  without  collision  was 
feasible  at  low  temperatures  where  there  are  few  phonons. 

The  first  experimental  evidence  to  the  contrary  was  also 
provided  by  Eastman's  group  (25).  They  found  that  the  polar 
optical  phonons  limited  the  electronic  mean  free  path  to  about 
0.1  -  0.2  micron.  Shank  et  al .  measured  a  similar  0.2  micron 
path  length  for  an  AlGaAs  -  GaAs  heterostructure  (52).  The 
measurement,  which  was  done  at  77  K,  revealed  a  maximum  elec- 
tronic  velocity  of  about  4  x  10  cm/s. 

The  relatively  scarce  experimental  data  has  continued  to 
reveal  electronic  velocities  considerably  lower  than  the  early 
predictions.  As  a  result,  some  of  the  more  recent  calculations 
have  tended  to  be  less  optimistic.  Littlejohn  et  al ■ ,  in  1983, 
used  a  Monte  Carlo  calculation  to  find  that  even  if  electrons  are 
injected  with  energies  less  than  the  intervalley  energy  of  0.36 
eV,  a  significant  proportion  of  the  electrons  will  still  scatter 
into  the  upper  valleys  (133).  These  ballistically  launched 
electrons  tend  to  lose  their  momentum  very  rapidly  -  on  the  order 
of  a  few  hundred  angstroms,  not  the  few  thousand  angstroms 
previously  assumed.  One  of  the  main  reasons  for  the  larger  than 
expected  number  of  electrons  residing  in  the  upper  valleys  is  due 
to  the  pileup  of  charge  that  always  seems  to  accumulate  at  the 
drain  end  of  the  channel.  This  phenomenom,  pointed  out  by  Awano 
(86)  and  shown  in  Figure  3,  could  lead  to  increased  electron  - 
electron  interactions.  Recent  Monte  Carlo  studies  by  Lugli  and 
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Ferry  (137)have  shown  that  if  these  interactions  are  taken  into 
account,  the  possibility  for  ballistic  transport  is  eliminated 
except  for  very  short  distances. 

The  most  recent  experimental  work  has  confirmed  this 
diagnosis.  Using  a  vertically  oriented  device  where  the  elec¬ 
trons  flow  perpendicular  to  the  surface  (we  will  report  on  this 
type  of  device  in  Section  II. C.  of  this  Report),  Hollis  et  al . 
found  that  both  electron  -  electron  scattering  and  coupled 
plasmon  -  optical  phonon  scattering  exhibited  a  greater  influence 
on  the  electronic  velocity  than  did  the  polar  optical  phonon 
scattering  that  had  been  previously  thought  to  be  the  major 
culprit  (131).  Work  by  Hayes  et  al .  has  also  shown  that  the 
electron  -  electron  scattering  is  a  major  barrier  to  ballistic 
transport  over  long  distances  (136).  They  found  considerable 
scattering  in  a  vertical  device  with  a  base  length  of  1200 
angstroms,  and  calculated  that  the  mean  free  path  between 
collisions  was  actually  only  about  400  angstroms. 

It  has  become  increasingly  clear  as  the  device  fabrication 
technology  has  improved,  that  the  results  of  the  electronic 
velocity  measurements  cannot  meet  the  early  predictions.  As 
device  geometries  shrink,  the  large  number  of  electrons  present 
in  the  active  region  tends  to  cause  the  transport  to  be  space 
charge  limited.  Coulombic  interactions  between  electrons  and 
plasmons,  and  among  electrons  themselves  tend  to  be  the  dominant 
scattering  mechanisms  and  limit  the  range  of  very  rapid  electron 
transport  to  lengths  of  only  a  few  hundred  angstroms.  Unless 
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fabrication  technology  increases  dramatically,  so  that  lithogra¬ 
phic  definition  of  lengths  of  this  magnitude  can  be  made,  it 
appears  that  the  horizontal  MESFET/MODFET  geometry  cannot  utilize 
the  full  potential  of  the  higher  electronic  velocities  possible 
in  GaAs . 

Since  it  is  much  easier  (and  indeed  easily  possible  with 
technology  currently  available)  to  fabricate  vertical  layers 
several  hundred  angstroms  thick,  we  feel  that  the  fastest  devices 
of  the  future  will  be  vertically  oriented  -  that  is,  with  the 
electron  flow  perpendicular  to  the  surface.  While  it  is  true 
that  lithographic  definition  distances  have  improved  significant¬ 
ly  in  recent  years,  it  appears  that  it  will  always  be  possible  to 
fabricate  an  active  layer  thinner  than  one  definable  horizontally 
by  lithographic  techniques.  Since  we  see  these  vertical  devices 
as  being  the  most  promising  for  the  future,  the  second  half  of 
our  study  and  the  remainder  of  Part  II  of  this  Report  deal  with 
specific  vertically  oriented  device  structures,  and  their 
strengths  and  weaknesses. 

II. C.  Promising  Device  Structures  for  Future  Work. 

In  the  previous  section  of  this  Report,  we  detailed  some  of 
the  evidence  that  has  convinced  us  that  the  most  promising  device 
structures  for  future  work  are  vertically  oriented  ones.  In  this 
section,  we  will  describe  three  of  these  structures  in  some 
detail,  stressing  both  the  strengths  and  weaknesses  of  each 
approach.  We  will  also  briefly  mention  several  of  the  less  well 
known  devices.  Since  we  are  limiting  ourselves  to  vertical 
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devices,  we  will  not  report  on  the  vast  sea  of  information 
available  concerning  either  GaAs  MESFETs  or  the  various  HEMT  or 
MODFET  structures.  Although  much  work  is  currently  being  carried 
out  on  both  of  these  device  types,  we  feel  that  that  is  primarily 
due  to  the  fact  that  both  utilize  currently  available  tech¬ 
nology.  As  these  horizontal  devices  are  fabricated  and  continue 
to  be  less  than  spectacular  in  their  performance,  we  feel  that 
workers  in  the  field  will  begin  to  explore  some  of  the  vertical 
devices  more  seriously,  even  though  new  fabrication  technology 
must  be  developed. 

This  section  of  Part  II  will  be  divided  into  four  subsec¬ 
tions,  dealing  with  permeable  base  transistors,  planar  doped 
barrier  transistors,  heterojunction  bipolar  transistors,  and 
other  devices,  respectively.  In  each  subsection,  some  of  the 
seminal  work  will  be  cited.  Other  references  concerning  the 
various  structures  can  be  found  in  the  bibliography  listed  in 
Part  I  of  this  Report.  We  have  concentrated  on  the  three  device 
structures  mentioned  above  because  the  bulk  of  the  work  to  date 
has  dealt  with  them.  Thus,  they  present  the  future  possibilities 
that  are  closest  to  realization. 

II.C.l.  Permeable  Base  Transistor.  The  permeable  base 
transistor  is  a  device  structure  in  which  the  "base"  consists  of 
a  grid  of  tungsten  fingers  actually  embedded  directly  in  the  GaAs 
material.  These  fingers  act  in  a  manner  analagous  to  the  grid  of 
a  vacuum  tube  triode.  The  relevant  geometry  is  shown  in  Figure 
4.  First  fabricated  at  Lincoln  Laboratories  in  1980  (107), 
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Figure  4 .  Device  geometry  of  the  permeable  base 
transistor,  from  Bozler  and  Alley  (108)  .  A  tungsten 
grating  is  embedded  in  the  GaAs ,  and  the  electrons 
must  pass  through  slits  in  this  grating. 
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permeable  base  transistors  have  ben  studied  primarily  there  and 
at  Nippon  Telephone  and  Telegraph  Laboratories  in  Japan  (116). 

The  devices  are  fabricated  by  first  growing  an  n-type  layer 
on  the  n+  GaAs  substrate.  A  series  of  tungsten  lines  1600 
angstroms  wide  and  300  angstroms  thick  is  then  deposited  using 
electron  beam  evaporation.  Since  the  lines  are  so  narrow,  x-ray 
lithography  and  liftoff  techniques  must  be  used.  A  second 
tungsten  film  is  tnen  deposited  to  form  shorting  bars  between  the 
tungsten  fingers.  This  much  larger  deposition  can  be  done  with 
conventional  lithographic  techniques.  Finally,  a  second  n-type 
layer  of  GaAs  is  grown  around  and  over  the  tungsten  grating. 
Tungsten  is  sufficiently  inert  to  GaAs  that  epitaxial  growth  can 
take  place  around  the  fingers  without  significantly  affecting  the 
electrical  properties  of  either  the  GaAs  or  the  tungsten. 

The  embedded  grating  forms  a  Schottky  barrier  with  the  the 
GaAs,  which  forms  the  base  of  the  transistor.  By  applying  a 
potential  to  the  tungsten  base,  a  potential  barrier  may  be  raised 
or  lowered  in  the  region  af  GaAs  that  is  between  the  grating 
fingers.  Thus  the  flow  of  electrons  between  the  emitter  and 
collector  can  be  easily  controlled.  The  permeable  base  transis¬ 
tor,  then,  acts  like  a  vertical  FET.  With  small  enough  tungsten 
fingers,  this  type  of  device  should  be  capable  of  achieving  very 
high  speeds. 

Although  the  permeable  base  transistor  has  the  advantage  of 
being  conceptually  very  simple  it  suffers  from  several  serious 
problems.  The  principal  difficulty  is  connected  with  the 
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fabrication  of  the  tungsten  grating.  Higher  switching  speeds  can 
be  achieved  only  by  reducing  the  size  of  the  fingers  and  the 
spacing  between  them.  The  devices  which  have  been  fabricated  to 
date  have  generally  had  both  the  finger  width  and  the  spacing 
between  adjacent  fingers  equal  to  about  1600  -  2000  angstroms. 
To  achieve  this  type  of  accuracy  has  actually  pushed  the  state  of 
the  art  in  lithography.  X-ray  techniques  have  been  required, 
since  the  wavelengths  used  in  conventional  lithographic  processes 
are  considerably  larger  than  the  dimensions  involved.  In 
addition  to  the  extremely  small  dimensions  desired,  the  spacing 
between  fingers  must  also  be  as  uniform  as  possible.  This 
spacing  is  primarily  responsible  for  determining  the  threshold 
voltage  of  the  device.  Since  for  VLSI  applications,  it  is 
necessary  for  the  devices  comprising  a  single  chip  to  have  as 
uniform  as  possible  threshold  voltage,  this  constraint  is  also 
crucial . 

So  while  the  permeable  base  transistor  overcomes  the 
electron  scattering  length  problem  by  having  the  electrons  travel 
vertically,  the  device  properties  are  still  governed  by  the 
constraints  of  horizontal  lithography.  Even  by  using  state  of 
the  art  x-ray  optics,  it  may  not  be  possible  to  push  the  dimen¬ 
sions  much  smaller  than  the  1600  angstroms  presently  available. 
Thus  this  particular  device  structure,  while  solving  some  of  the 
problems,  fails  to  overcome  all  of  the  barriers  to  achieving 
ultrahigh  speed  electron  transport. 
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II. C. 2.  Planar  Doped  Barrier  Transistor.  The  planar  doped 
barrier  transistor,  shown  in  Figure  5,  is  a  multi-layer  device 
which  utilizes  two  unipolar  homo junctions .  The  first  (the 
emitter)  acts  to  inject  electrons  with  a  considerable  amount  of 
energy  into  a  narrow  base  region,  while  the  second  functions  as 
an  energy  analyzer  (the  collector),  and  transports  only  those 
electrons  that  have  sufficient  kinetic  energy  to  surmount  it. 
This  device,  essentially  an  n-i-p-i-n  structure,  was  first  grown 
by  the  Cornell  group  using  molecular  beam  epitaxy,  in  1980 
(125).  The  p-type  base  will  usually  be  fully  depleted,  and  at 
zero  bias,  narrow  space  charge  regions  will  be  induced  in  the  two 
n-type  regions. 

One  key  feature  of  the  planar  doped  barrier  transistor  is 
that  the  emitter  barrier  height  can  be  continuously  varied  from 
zero  to  approximately  the  band  gap  of  the  material.  In  practice, 
it  is  usually  made  to  be  about  0.35  eV  high,  so  that  electrons 
that  are  accelerated  by  it  are  not  immediately  scattered  into  the 
upper  valleys  in  GaAs.  The  second  barrier  is  biased  so  that  only 
the  "hot"  electrons  that  have  been  injected  by  the  emitter  can 
surmount  it.  Low  energy  electrons  that  do  not  go  over  (or  tunnel 
through)  the  collector  barrier  remain  in  the  base  region  which  is 
doped  p-type,  and  quickly  recombine.  So  current  transport  is 
achieved  predominantly  by  well-behaved  majority  carrier  thermi¬ 
onic  emission  over  a  barrier  rather  than  the  tunneling  mechanism 
employed  by  Schottky  barrier  lowering.  An  additional  attraction 
of  this  structure  is  that,  unlike  the  heterojunction  devices  to 
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Figure  5.  Energy  diagram  for  a  planar  doped  barrier 
transistor.  The  emitter-base  junction  is  the  hot 
electron  injector,  providing  electrons  of  kinetic 
energy  The  base  is  the  transit  region,  and  the 

base-collector  junction  acts  as  a  hot  electron  analyzer 
rejecting  electrons  of  K.E.  <  <$>fc>c .  The  dashed  lines 
indicate  the  effect  of  on  this  barrier  height  and 
shape.  From  Hayes  et  al.  (136). 


semiconductor  material,  and  thus  avoids  the  problems  o£  charge 


trapping,  surface  recombination,  and  thermal  and  lattice  mismatch 


associated  with  interfaces  between  dissimilar  materials. 


Littlejohn  et  al ♦  have  made  Monte  Carlo  calculations 
simulating  the  transport  of  electrons  through  planar  doped 


barrier  devices  (133).  They  found  that  the  average  velocities 


possible  in  these  devices  should  be  substantially  higher  than  the 


static  drift  velocity  corresponding  to  the  average  value  of  the 


electric  field  in  the  device. 


The  behavior  of  the  actual  transistors,  however,  has  been 


less  impressive.  The  Cornell  group  attributes  the  poor  common 


base  current  gain  to  the  buildup  of  charge  mentioned  above.  The 
large  charge  density  leads  to  previously  overlooked  electron 
scattering  with  other  electrons  and  with  coupled  plasmon-optical 
phonon  modes.  Even  with  base  regions  as  short  as  870  angstroms, 
noticeable  scattering  was  present.  Devices  were  also  fabricated 


at  Bell  Laboratories  by  Hayes  et  al .  (134,136).  They  used  lower 


injection  energies  (emitter  barrier  of  only  0.25  eV)  and  wider 
base  regions  -  1200  and  1700  angstroms.  They  also  reported 


significant  scattering,  with,  as  to  be  expected,  a  greater  amount 


of  scattering  in  the  longer-base  device.  From  their  measure¬ 


ments,  Hayes  et  al .  estimated  that  the  electronic  mean  free  path 


was  only  on  the  order  of  a  few  hundred  angstroms. 

The  planar  doped  barrier  transistor  appears  to  offer  a 
realistic  approach  to  achieving  a  device  with  very  high  elec- 
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tronic  transport  velocities.  It  suffers  from  none  of  the 
technological  problems  encountered  with  the  permeable  base 
transistor.  The  major  difficulty  with  this  approach  lies  in  the 
previously  under-estimated  electron  scattering  in  the  base  region 
due  to  the  increased  charge  density  there.  This  scattering 
reduces  the  distance  between  collision  to  only  a  few  hundred 
angstroms.  While  it  would  be  possible  to  reduce  the  base  length 
further,  this  would  not  entirely  solve  the  problem.  Even  at  870 
angstroms,  the  p-type  base  is  fully  depleted.  If  the  base  were 
made  shorter,  the  space  charge  region  would  extend  further  into 
the  n-type  collector  and  emitter  barriers,  thus  causing  greater 
amounts  of  scattering  in  those  regions.  This  would  tend  to 
reduce  both  the  current  gain  of  the  device  and  its  frequency 
response.  So,  while  the  planar  doped  barrier  transistor  appears 
to  be  promising,  and  is  certainly  worthy  of  further  study,  it  may 
not  be  the  final  best  solution. 

II. C. 3.  Heterojunction  Bipolar  Transistor.  It  has  long 
been  suspected  that  a  bipolar  transistor  with  the  emitter  made 
from  a  material  with  a  wider  band  gap  than  the  material  of  the 
base  and  collector  offers  advantages  in  terms  of  speed  and  power 
consumption  over  transistorsmade  entirely  from  a  single  mater¬ 
ial.  Indeed  Shockley  applied  for  a  patent  for  this  idea  in 
1948!  So  although  the  idea  was  explored  theoretically  quite 
early,  it  wasn't  until  the  early  1970s  that  the  technology 
existed  to  attempt  fabrication  of  hetero junction  devices.  First 
efforts,  using  LPE  techniques,  attempted  to  grow  GaAs  or  ZnSe  on 
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germanium.  Due  to  numerous  problems,  such  as  lack  of  control 
over  the  doping  profile  in  the  junction  caused  by  cross-doping, 
none  of  these  early  efforts  proved  particularly  successful.  In 
order  to  avoid  these  cross-doping  problems,  Dumke  et  al .  first 
proposed  working  with  the  AlGaAs  -  GaAs  system  in  1972  (142). 
Other  efforts,  also  using  LPE  growth  techniques,  soon  followed 
(143).  Since  the  mid  1970s,  the  advent  of  new  epitaxial  growth 
techniques  such  as  NBE  and  MOCVD,  has  led  to  rapid  improvement  in 
III-V  semiconductor  epitaxial  growth  and  thus  increased  interest 
in  hetero junction  transistors.  For  a  review  of  the  history  of 
this  type  of  device,  see  (155). 

In  a  bipolar  transistor,  the  flow  of  both  the  electrons  and 
the  holes  must  be  controlled.  In  a  uniform-gap  semiconductor, 
the  slopes  of  the  two  band  edges  are  equal,  so  the  forces  on  the 
two  types  of  carrier  are  equal  in  magnitude  and  opposite  in 
sign.  In  a  heterostructure,  the  band  gap  may  vary.  Thus  the  two 
band  edges  and  the  forces  on  the  carriers  need  not  be  the  same. 
By  using  judicious  combinations  of  energy  gap  variations  and 
applied  fields,  it  can  become  possible  to  control  the  forces 
acting  on  the  electrons  and  holes  independently  of  each  other. 

The  theory  behind  the  wide  gap  emitter  is  quite  simple. 
Consider  an  n-p-n  heterojunction  transistor,  the  energy  band 
diagram  of  which  is  shown  in  Figure  6.  The  large  barrier  in  the 
valence  band  effectively  prevents  any  holes  from  the  p-type  base 
from  reaching  the  n-type  AlGaAs  emitter,  regardless  of  how 
strongly  the  base  is  doped.  The  smaller  band  offset  in  the 


Figure  6 .  Energy  band  diagram  for  a  A^Ga^^As/GaAs 
n-p-n  heterojunction  bipolar  transistor  (HBT) ,  from 
Konagai  and  Takahashi  (14  3)  .  Note  the  spike  in  the 
conduction  band  energy  at  the  AlGaAs-GaAs  emitter-base 
heterojunction .  As  discussed  in  the  text,  one  can 
also  make  the  base-collector  junction  a  hetero junction 
and  there  is  then  also  the  possibility  of  a  spike 
in  energy  at  that  location.  Compositional  and  doping 
profiling  methods  are  under  investigation  to  minimize 
such  spikes. 


conduction  band  allows  the  electrons  from  the  emitter  to  be 
injected  with  only  a  minor  loss  of  efficiency.  The  carriers  tend 
to  be  confined  to  the  base  region.  Even  if  the  doping  levels  in 
the  base  and  emitter  are  high  and  low,  respectively,  and  injec¬ 
tion  efficiency  of  nearly  unity  can  still  be  maintained.  These 
consequences  yield  a  higher  gain-bandwidth  product  due  to  the 
reduced  base  resistance. 

While  the  use  of  a  wide  gap  emitter  has  been  expected  to 
improve  the  performance  of  bipolar  transistors  for  some  time, 
the  use  of  a  wide  gap  collector  also  has  recently  been  investi¬ 
gated.  The  advantages  in  this  double  hetero junction  type 
of  device  are  twofold.  First,  by  using  identical  composition  and 
doping  in  both  the  emitter  and  collector,  these  two  components  of 
the  transistor  can  be  effectively  interchanged  (174).  This 
interchangeabliity  can  be  important  in  IC  design  applications, 
in  addition,  a  wide  gap  collector  can  minimize  hole  injection 
into  the  base,  thus  reducing  the  turn-on  voltage,  and  consequent¬ 
ly  the  power  consumption  (163). 

There  are,  of  course,  problems  associated  with  heterojunc¬ 
tion  bipolar  transistors.  As  mentioned  above,  one  of  the  early 
problems  was  cross-doping,  where  carriers  from  the  heavily  doped 
base  diffused  into  the  emitter.  By  using  appropriate  materials, 
and,  more  importantly,  utilizing  growth  methods  such  as  MBE  and 
MOCVD  where  the  temperature  is  kept  fairly  low,  this  problem  has 
been  largely  solved. 

A  more  serious  problem  lies  in  the  fact  that  when  the 
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hetero junctions  are  formed,  a  potential  spike  is  formed  in  the 
conduction  band  at  the  emitter-base  junction  (181).  This  spike 
in  the  potential  leads  to  a  large  collector  offset  voltage,  which 
in  turn,  leads  to  a  larger  power  consumption  (197,198).  The 
spike  can  be  reduced  to  some  extent  by  using  either  a  graded  gap 
base  (159)  or  compositional  grading  near  the  hetero junction 
interface  (155).  When  working  with  a  double  hetero junction 
device,  a  potential  spike  can  also  occur  at  the  base  -  collector 
interface  (  204  ) . 

Currently  several  research  groups  are  attempting  to  fabri¬ 
cate  hetero junction  bipolar  transistors.  The  results  have  not 
been  entirely  successful.  The  primary  problem  appears  to  be 
related  to  the  interface  between  the  wide  gap  emitter  and  the 
narrower  gap  base.  Due  to  structural  problems  on  an  atomic 
scale,  such  as  thermal  and  lattice  mismatch,  flaw  states  are 
created.  This  leads  to  a  large  amount  of  electron  trapping  at 
the  interface,  with  subsequent  degradation  of  the  transistor  gain 
and  frequency  response.  This  problem,  however,  appears  to  be  at 
least  partially  related  to  the  growth  of  the  structure.  As  noted 
above,  techniques  have  been  developed  to  reduce  the  potential 
spike  that  occurs  at  the  interface.  It  is  assumed  that  as  the 
growth  and  fabrication  processes  improve,  through  improvements 
and  better  understanding  of  such  techniques  such  as  MOCVD  and 
MBE,  the  interfacial  trapping  problem  can  also  be  reduced. 

It  should  be  pointed  out  that,  while  most  of  the  experimen¬ 
tal  effort  has  been  expended  on  the  AlGaAs  -  GaAs  system,  other 


Ill  -  V  semiconductor  alloys  are  also  being  currently  studied. 
The  InGaAsP  -  InP  system  has  been  used  for  not  only  for  opto¬ 
electronics,  but  also  for  Heterojunction  bipolar  transistors 
(183,202-204),  as  has  the  InGaAs  -  InP  system  (172,178,182). 
Both  GalnP  (200)  and  AllnAs  (161)  have  been  used  as  the  wide  gap 
emitter  in  GaAs  devices.  The  group  at  the  University  of  Illinois 
has  even  worked  with  GaAs  as  an  emitter  on  Si  (192). 

We  feel,  then,  that  the  hetero junction  bipolar  transistor 
offers  great  promise  for  the  future.  As  with  the  permeable  base 
transistor,  there  are  currently  some  technological  problems  in 
the  fabrication  of  the  devices,  but  unlike  the  case  for  that 
device,  the  problems  associsted  with  the  hetero junction  bipolar 
transistor  appear  to  be  surmountable.  We  think  that  as  growth 
techniques  continue  to  improve,  the  interfacial  trapping  problem 
will  be  greatly  minimized.  However,  much  work  still  remains  to 
be  done  before  this  type  of  structure  can  be  routinely  fabricated 
with  uniform  properties  and  high  yields,  for  very  high  speed 
applications . 

II. C. 4.  Other  Possible  Device  Structures.  Most  of  the  work 
done  on  vertically  oriented  structures  has  been  concerned  with 
one  of  the  three  device  types  discussed  above.  There  have  also 
been  numerous  attempts  to  achieve  high-speed  devices  using 
different  vertical  approaches.  In  this  section  we  will  very 
briefly  describe  some  of  these  efforts,  listing  references  where 
more  detailed  information  can  be  obtained. 
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Tunneling  hot  electron  transistors  have  been  fabricated 
using  epitaxial  layers  of  GaAs  and  AlGaAs  (225).  Both  the 
emitter  and  base  layers  are  made  of  GaAs,  but  the  electrons 
tunnel  through  a  AlGaAs  potential  barrier  between  them.  The 
electrons,  then,  are  injected  into  the  base  with  considerable 
energy.  Scattering  occurs  in  the  base.  A  second  potential 
barrier  of  AlGaAs  is  surmounted  only  by  the  unscattered  "hot" 
electrons  to  reach  the  collector  (207,211).  So  this  device  is 
similar  to  the  planar  doped  barrier  transistor,  but  here  the 
barriers  are  due  to  layers  of  AlGaAs,  and  cannot  be  changed  by 
biasing.  The  best  devices  fabricated  so  far  have  a  transfer 
efficiency  of  only  0.28. 

Schottky  collector  bipolar  transistors  have  been  made  with 
wide  gap  emitters  in  both  the  AlGaAs  -  GaAs  (210)  system  and  the 
GalnP  -  inP  system  (231).  One  of  the  speed  limitations  to  any 
bipolar  transistor  is  the  minority  carrier  storage  time  delay  in 
the  base.  By  using  a  metal-semiconductor,  Schottky  junction  as 
the  collector,  fewer  minority  carriers  are  injected  into  the  base 
and  the  problem  is  minimized.  While  the  use  of  a  wide  gap 
emitter  allows  the  base  to  be  more  heavily  doped,  thus  reducing 
its  resistance  (see  Section  II. C. 3.  above),  the  base  doping  level 
determines  the  breakdown  voltage  of  the  Schottky  collector 
junction  as  well. 

An  interesting  class  of  device  structures  that  utilize 
repeated  velocity  overshoot  have  been  investigated  recently  by 
Bell  Laboratories  workers  (213,215).  These  devices  are  layered 
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structures  using  a  stairstep  potential  corresponding  to  a  series 
of  high-field  regions  separated  by  regions  of  lower  field.  The 
electrons  will  be  accelerated  in  the  high  field  regions  which  are 
short  enough  so  that  the  transit  time  is  less  than  the  scattering 
time.  Scattering,  and  its  subsequent  momentum  loss,  will  take 
place  in  the  low  field  region.  So  the  average  electron  velocity 
will  gradually  become  smaller  there.  However,  a  short  while 
later,  the  electrons  encounter  another  region  of  high  field,  and 
are  accelerated  once  again.  The  spacing  of  the  low  field  regions 
is  determined  by  the  scattering  time  also.  The  electrons  must 
lose  enough  energy  that  the  upper  valleys  do  not  become  popula¬ 
ted. 

One  of  the  difficulties  of  the  permeable  base  transistor  is 
the  growth  of  GaAs  over  the  tungsten  fingers.  In  an  effort  to 
get  around  that  problem,  workers  at  General  Electric  have 
replaced  the  tungsten  with  fingers  of  p-type  GaAs  (218,226).  The 
fingers  in  this  trapezoidal  groove,  Schottky  gate  device  are 
formed  by  ion  implantation.  As  was  the  case  with  the  permeable 
base  transistor,  however,  the  problem  of  horizontal  lithography 
constraints  remains  to  be  solved. 

The  major  attraction  of  the  hetero junction  bipolar  transis¬ 
tor  was  that  it  allowed  the  use  of  a  heavily-doped  base,  thus 
lowering  the  base  resistance  significantly.  A  (somewhat)  logical 
extension  of  this  line  of  thought  is  to  replace  the  base  with  a 
layer  of  metal  having  an  extremely  low  resistance.  A  GaAs  -  Al  - 
GaAs,  metal  base  transistor  has  recently  been  proposed  (219). 
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With  essentially  no  base  resistance,  these  devices  should  operate 
at  very  high  frequencies.  Primarily  due  to  the  rather  rough 
metal  -  semiconductor  interfaces,  early  efforts  to  fabricate  this 
type  of  structure  have  not  been  particularly  encouraging. 

The  Cornell  group  has  fabricated  vertical  unipolar  transis¬ 
tors  in  GaAs  using  an  AlGaAs  cathode  (220,222).  The  abrupt 
discontinuity  in  band  gap  between  the  two  materials  allows  the 
electrons  to  be  launched  into  the  GaAs  with  considerable  energy. 
Once  in  the  GaAs,  they  are  both  accelerated  by  the  field  and 
slowed  by  collisions  as  in  a  horizontal  PET.  These  first 
attempts  have  poorer  results  than  expected,  primarily  because  the 
scattering  in  the  GaAs  region  was  greater  than  predicted.  By 
reducing  the  length  of  this  region,  improvement  should  be 
possible . 

Several  workers  have  proposed  "vertical  FETs"  (212,216,221, 
223,224,226,232)  of  various  designs.  The  devices  can  be  fabrica¬ 
ted  in  a  variety  of  ways,  either  using  GaAs  alone  or  AlGaAs  - 
GaAs  heterostructures.  To  eliminate  the  problem  of  source-drain 
punchthrough,  the  doping  level  in  the  p-type  layer  should  be 
high.  This  can  result  in  a  highly  compensated  channel  which 
leads  to  reduced  mobility  for  the  electrons.  One  way  to  overcome 
this  problem  is  to  grow  a  thin  n-type  layer  instead  of  relying  on 
silicon  implantation.  This  completely  removes  the  restrictions 
on  the  doping  level  in  both  the  p-  and  n-type  PET  layers  (223). 

Other  device  structures  have  also  been  proposed  or  fabrica¬ 
ted  which  take  advantage  of  the  higher  electronic  velocity 
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available  in  GaAs .  Many  o£  them  are  cited  in  Section  l.E.  of 
this  Report.  We  do  not  claim  that  our  list  is  complete.  We  do 
feel,  however,  that  we  have  discussed  the  structures  that  offer 
the  greatest  possibility  for  ultrahigh  speed.  In  order  to 
exploit  the  high  electronic  velocity  potential  of  GaAs  and  its 
related  compounds,  we  feel  that  new  fabrication  technologies  need 
to  be  derived.  Current  fabrication  technology,  while  capable  of 
producing  FETs  that  are  superior  to  silicon  devices,  is  simply 
not  able  to  fully  utilize  the  benefits  of  GaAs.  While  still 
needing  considerable  work,  the  hetero junction  bipolar  transistor 
appears  to  offer  the  most  promising  behavior  for  the  future. 
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III.  Data  Collection  and  Assessment  Concerning  EL2  and  other 
Extrinsic  Properties  of  GaAs 

The  midgap  electron  trap  known  as  EL2  (formerly  and  err¬ 
oneously  known  as  "oxygen",  and  given  the  EL2  name  as  "electron 

2 

trap  #2"  in  a  1977  paper  by  Martin  et  al_.  )  has  attracted  a  vast 
literature  in  recent  years;  probably  with  at  least  twice  as  many 
published  papers  as  in  our  bibliographic  listing  in  Part  1  for 
electron  velocity  phenomena.  Despite  these  450  or  more  papers 
in  the  last  eight  years,  the  true  atomic  nature  of  EL2  remains 
at  this  writing  a  matter  for  speculation,  modeling  attempts, 
controversy  even  over  experimental  results  -  let  alone  the 
implications  of  those  results  -  and  a  continuing  series  of 
claims  for  "true  success",  followed  by  a  watering-down  or 

3 

retraction.  It  is^  known  that  this  midgap  level  is  a  donor, 

and  it  seems  almost  certain  that  EL2  is  a  purely  native  defect 

4 

or  defect  complex.  Recent  work  by  Baraff  and  Schluter  in 
calculating  the  energies  for  various  kinds  of  elementary  defect 
in  GaAs  (the  two  types  of  antisite,  two  types  of  vacancy,  four 
types  of  interstitial)  should  help  avoidance  in  the  future  of 


attempts  to  construct  models  based  on  energetically-impossible 
situations.  In  any  event,  the  need  for  a  better  understanding 


of  the  high  temperature  defect  chemistry  of  GaAs  which  can  allow 
centers  such  as  EL2  to  form  at  a  concentration  approaching 


1  ppma  is  an  urgent  one. 

While  EL2  plays  a  role  even  in  N-type  conducting  GaAs,  and 
more  demonstrably  at  the  interface  between  a  MESFET's  conducting 
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channel  and  a  semi-insulating  substrate,  it  is  par  excellence 

in  semi-insulating  (SI)  GaAs  that  effects  related  to  EL2  and 

other  deep-level  traps  are  most  prominent.  This  has  received 

attention  in  various  of  the  conference  series  on  Gallium 

Arsenide  and  Related  Compounds,^  and  closer  attention  still 

in  proceedings  of  the  three  biennial  conferences  on  Semi- 

8-10 

Insulating  III-V  Materials.  Thus  the  most  comprehensive 

single  paper  about  the  experimental  status  of  EL2  as  of  1984 
(and  with,  moreover,  a  very  balanced  presentation)  is  the  paper 
in  Ref.  10  by  Makram-Ebeid  et  al.11  That  paper  outlines  the 
striking  experimental  properties  of  this  center/complex,  inc¬ 
luding  the  metastable  condition  observable  at  low  temperatures. 

Since  the  work  summarized  in  Ref.  11,  there  have  been  many 
more  EL2  papers,  of  course,  including  several  presented  at  inter¬ 
national  conferences  claiming  to  "solve  the  EL2  problem".  Alas, 
these  have  tended  not  to  live  up  to  expectations.  It  has  been 
recognized  for  several  years  that  EL2  occurs  when  GaAs  has  been 
provided  with  non-stoichiometric  opportunities  for  the  formation 
of  As-rich  defects  such  as  VGa  and  AsGa»  The  properties  of  AsGa 
antisites  show  significant  similarities  with  those  of  EL2  itself, 

as  demonstrated  for  example  by  photo-ESR  characteristics  of 
12 

antisites;  and  this  has  led  to  a  number  of  assertions  that  EL2 
is  the  isolated  antisite.13'14  However,  delicate  ESR-tagged 
magnetic  circular  dichroism  experiments13  indicate  that  most 
AsGa  antisites  in  GaAs  are  apt  to  have  a  distorted  environment 
indicating  participation  in  a  2-site  (or  larger!)  complex.  One 
simple  type  of  complex  would  be  As-  with  a  vacancy  nearby;  not 
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apparently  as  a  first-nearest-neighbor,  but  in  the  second 
through  fourth  shells  of  neighbor  sites. 

The  question  has,  indeed,  arisen  as  to  whether  or  not  EL2 

is  any  specific  type  of  defect/complex  that  can  be  fingerprinted. 

The  experiments  reported  in  papers  by  Ikoma  and  his  University 

of  Tokyo  group^  indicate  a  "family"  of  EL2  defects,  with 

.  17 

similar  but  not  identical  characteristics;  and  Martin  pres¬ 
ented  arguments  at  a  1985  conference  as  to  why  something  with 
the  properties  of  EL2  might  be  a  complex  with  AsGa  as  one  comp¬ 
onent,  and  the  second  component  (or  other  components)  at  dist¬ 
ances  of  up  to  several  nm.  If  EL2  is  indeed  such  a  nonunique 
collection  of  defect  complexes,  the  sharp  disagreemnts  between 
various  experimentalists  as  to  what  they  think  they  have  detected 
would  be  entirely  predictable.  The  reader  is  reminded  that  many 
of  the  "F-center"  types  of  defect  in  alkali  halides  never  were 
adequately  explained;  people  just  eventually  moved  away  to  more 
tractable  research  problems. 

One  important  difference  between  alkali  halide  research 
and  the  study  of  EL2  (and  other  extrinsic  variables)  in  GaAs  is 
that  the  latter  material  is  of  rapidly  growing  technological 
importance.  If  an  aspect  of  GaAs's  defect  chemistry  can  not  be 
completely  understood,  it  is  vital  that  it  be  amenable  to  comp¬ 
lete  control,  since  the  existence  of  SI  GaAs  grown  by  the  "undoped 
LEC"  method  in  a  boron  nitride  crucible  is,  currently,  determined 
by  presence  of  EL2  in  numbers  larger  than  those  of  (predominantly 
carbon)  shallow  acceptors.  Whereas  there  are  many  other  kinds 


of  electronic  defect  present  in  GaAs  (as  detectable  by  methods 

18 

such  as  DLTS  in  conducting  material,  or  PITS  conductance 

19 

spectroscopy  in  SI  material,  the  concentration  level  of  EL2 
is  usually  so  much  larger  (typically  from  10*^  to  3  x 10^6  cm-3, 
depending  on  growth  method,  post-growth  anneal,  etc.)  that  EL2 
becomes  the  deciding  issue  as  to  whether  the  material  is  SI,  and 
can  remain  so  throughout  device  processing. 

The  question  of  the  identity  of  EL2  is  thus  far  from  being 

one  of  only  academic  interest.  Lack  of  this  knowledge  is  a 

negative  factor  in  evaluating  the  rate  at  which  large-scale 
applications  for  GaAs  ICs  (and  other  devices  requiring  a  SI 
substrate)  should  be  encouraged  for  implementation  in  both 
defense  and  commercial  markets. 

In  the  lack  of  a  universally  agreed  upon  model  for  the 
nature  of  EL2,  the  next  best  thing  is  agreement  on  how  this 
defect  (an  essential  one  for  the  way  SI  GaAs  is  presently  grown) 

can  be  controlled  to  be  present  in  a  desirable  amount  and  with 

excellent  homogeneity  throughout  a  grown  boule  -  and  of  course 
from  boule  to  boule  as  well.  Any  commercial  manufacturer  wants 
the  maximum  possible  portion  of  his  product  to  be  saleable,  and 
any  customer  would  like  GaAs  wafers  he  procures  to  be  as  uniform 
as  possible  in  all  significant  extrinsic  properties;  over  the 
area  of  a  wafer,  from  wafer  to  wafer  within  a  lot,  and  from  lot 
to  lot.  One  here  enters  a  world  of  partial  information  and 
witheld  information,  since  GaAs  crystal  growth  managers  (whether 
in  captive  organizations  or  commercial  vendors)  tend  to  release 
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no  more  information  than  is  necessary  to  satisfy  most  customers. 
This  means  that  information  about  growth  rate,  post-growth 
cooling  regimen,  subsequent  post-growth  anneals  (either  as  full 
ingots,  part-ingots,  or  wafers;  and  in  vacuum.  As  vapor,  AsH^, 
etc.)  is  released  to  a  very  limited  extent.  That  understandable 
but  frustrating  secrecy  on  the  part  of  the  GaAs  crystal  growth 
industry  makes  it  difficult  for  the  various  parties  involved  to 
work  synergistically  towards  a  more  complete  understanding  of 
what  the  thermal/mechanical  history  of  GaAs  causes,  and  what 
are  the  consequences . 

The  extrinsic  properties  of  concern  here  for  GaAs  as  a 
device  medium  are  by  no  means  restricted  to  EL2  itself,  though 
that  is  one  major  variable  for  SI  GaAs.  Other  considerations 
for  SI  GaAs  include  the  concentration  and  spatial  distribution 
of  dislocations,  the  number  and  mobility  of  carriers,  the  cont¬ 
ribution  towards  compensation  and  midgap  Fermi  energy  pinning 
of  shallow  impurities  such  as  carbon  acceptors,  any  effects  of 
growth-rate  striations,  etc.,  etc.  Concern  over  the  role  dis¬ 
locations  may  play  for  device  properties  (a  subject  strongly 
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emphasized  in  some  recent  Japanese  work,  but  appearing 

24  25 

less  significant  according  to  some  US  work,  '  )  has  led  to 

considerable  effort  towards  growth  of  SI  with  zero  or  far 

26  2  7 

fewer  dislocations;  through  indium  doping,  '  or  by  growth 

2  8 

in  a  magnetic  field. 

It  would  be  nice  if  GaAs  was  intrinsically  strong  enough 
to  be  grown  in  large  monocrystal  form  dislocation-free  -  as  has 


been  taken  for  granted  in  the  silicon  industry  for  years.  Since 
GaAs  is  twice  as  heavy  as  Si,  and  has  a  high-temperature  critical 
shear  stress  much  smaller  than  Si,  the  introduction  of  dislocat¬ 
ion  slip  while  a  crystal  is  growing  is  all  too  natural  a  state 
of  affairs,  as  modeled  for  example  by  Jordan  et^  al^  lt  does 

appear  likely  that  inhibition  of  melt  convection  by  application 

2  8 

of  a  magnetic  field  during  growth  can  make  the  resulting  GaAs 

crystal  more  homogeneous  in  terms  of  reducing  growth  striations, 

but  this  alone  does  not  render  GaAs  proof  against  dislocation 

formation  and  climb  in  the  as-grown  but  still  hot  condition. 

Hence  considerable  recent  and  present  interest  in  isovalent 

element  doping  for  "lattice  hardening",  with  In,,  incorporation 
26  2  7 

reported  '  as  one  of  the  most  effective  when  present  in  a 
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concentration  of  'vlO  cm  (i.e.,  ^0.5%  of  the  Ga  atoms  replaced 

by  indium) .  Ehrenreich  and  Hirth30  have  pointed  out  that  a 

5-atom  InAs4  unit  in  a  GaAs  solvent  results  in  a  7%  bond  length 

increase  compared  with  GaAs4,  and  find  the  lattice  "hardening" 

to  be  a  natural  consequence  of  the  strain  fields  emanating  from 

these  InAs.  inclusions. 

4 

Incorporation  of  as  much  as  0.5%  atomic  of  indium  in  GaAs 

is  by  no  means  a  trivial  technological  task.  Since  In  has  a  low 

27 

segregation  coefficient  (Hobgood  et^  al_.  estimate  k  =  0.1,  but 
other  numbers  have  been  quoted  elsewhere) ,  doping  the  melt  with 
enough  indium  to  provide  adequate  lattice  hardening  for  the  first 
part  of  a  grown  ingot  will  tend  to  result  in  excessive  indium 
in  the  melt  for  the  latter  stages  of  growth.  That  can  and  often 
does  result  in  polycrystal  growth  towards  the  tail  end  of  the 


ingot  grown  from  a  In-doped  melt.  If  this  be  postponed  by 
starting  with  less  In  in  the  melt,  then  the  upper  part  of  the 
ingot  contains  too  little  indium  to  "harden"  against  disloc¬ 
ation  formation  -  and  we  have  seen  a  number  of  examples  of 
"In-doped"  SI  GaAs  crystals  with  inadequate  indium  content  in 
our  own  examination  of  GaAs  wafers  from  various  commercial  and 
non-commercial  suppliers . 

A  very  important  question  related  to  the  above  discussion 

is:  what  does  a  dislocation  do  to  a  GaAs  device?  We  have  noted 

above  the  deduction  made  in  a  series  of  papers  from  Japanese 
20-23 

laboratories  that  a  strong  correlation  exists  between  the 


threshold  voltage  of  a  MESFET,  and  the  proximity  of  a  dis¬ 

location.  The  trend  of  Vt^  with  distance  to  the  closest  disloc¬ 
ation  was,  however,  found  to  be  considerably  less  steep  when  the 
GaAs  had  received  a  long-period  anneal.  A  legitimate  question 
is  thus:  does  the  dislocation  affect  a  MESFET  directly ,  or  is 
something  else  the  actual  cause?  Note  in  this  regard  that 
Winston  et  al.  did  not  find  a  correlation  of  with  disloc¬ 
ation  proximity  in  their  work;  while  work  in  which  we  have 
participated  (and  which  is  further  reported  in  Part  IV  of  this 
Report)  found  some  wafers  in  which  and  dislocation  density 

Np  had  similar  spatial  patterns,  yet  other  wafers  for  which 

and  ND  were  quite  differently  distributed  across  the  wafer's  area. 

25 

In  that  work  in  which  we  participated,  was  in  all  cases 

spatially  correlated  with  the  concentration  N°  of  neutral  EL2 , 
as  measured  by  near-IR  transmittance,  using  the  calibration  of 


Martin3^-  for  the  neutral  EL2  optical  cross-section  oo(hv).  The 

point-by-point  measurement  procedure  developed  at  the  Oregon 

Graduate  Center  for  optical  transmittance  determination  of  N° 

in  polished  wafers  of  normal  IC  thickness  (  0.5  mm)  is  described 
32 

elsewhere  and  in  Part  IV  of  this  Report.  Part  IV  also  includes 
some  representative  wafer  maps  of  N°  and  of  device  properties. 

A  tentative  conclusion  from  wafer  mapping  studies  at  OGC 

(correlated  with  device  work  at  Triquint  Semiconductor)  is  that 

2S 

GaAs  MESFET  V  ^  is  directly  affected  by  the  local  N°  value.  A 

device  may  well  be  sensitive  to  the  total  EL2  concentration 

(those  compensated  by  carbon  as  well  as  those  still  holding  an 

electron  at  midgap  energy) ,  but  the  near-IR  absorption  method 

32 

measures  predominantly  the  neutral  species.  [Note  that  Chen 
33 

et  al .  find  a  linear  trend  of  Vfch  with  carbon  concentration, 
when  the  latter  is  measured  using  the  local  vibrational  mode 
(LVM)  absorption  band  at  17  yrn.]  If  a  GaAs  wafer  is  carefully 
mapped  for  dislocations,  but  not  for  EL2  (as  was  the  case  with 
the  Japanese  work20  23  noted  above)  then  only  part  of  the 
essential  evidence  has  been  scrutinized  -  and  the  opportunity 
to  confuse  cause  and  effect  exists. 

Our  tentative  conclusion  at  this  juncture  is  thus  that  a 
dislocation  may  play  a  role  in  affecting  V^  only  through  its 
ability  to  serve  as  a  source/sink  for  the  point  defects  from 
which  EL2  and  other  midgap  electronic  states  arise.  Dislocation 
climb  in  recently-solidified  and  still  very  hot  GaAs  leaves  in 
its  wake  a  debris  of  point  defects:  vacanc.es,  interstitials, 
and  antisites.  These  will  then  undergo  further  transformations 


to  an  extent  that  depends  strongly  on  the  subsequent  thermal 

4 

history  of  the  ingot.  The  calculations  of  Baraff  and  Schlviter 
suggest  that  interstitials  are  too  costly  in  energy  to  remain 
in  existence  unless  the  GaAs  is  rapidly  quenched  to  a  low 
temperature  -  a  procedure  never  carried  out  in  practice  since 
that  would  result  in  an  ingot  so  affected  by  strain  that  it  would 
be  apt  to  fly  into  fragments  when  one  attempted  to  shape  it  and 
wafer  it.  A  completed  GaAs  ingot  is  accordingly  usually  cooled 
slowly,  and  may  be  retained  in  the  growth  chamber  at  a  high 
temperature  for  several  hours  after  the  completion  of  solidif¬ 
ication  -  this  often  intended  primarily  as  a  strain-relief 
precaution  rather  than  for  defect-chemistry  adjustment.  Never¬ 
theless,  the  latter  also  happens!  It  happens  even  more  so  if 

the  crystal  is  subsequently  ramped  up  to  a  high  temperature  for 

34  36 

a  long  period  anneal.  For  then  ample  opportunity  is  provided 

for  point  defects  to  achieve  thermodynamic  equilibrium  appropriate 
for  the  anneal  temperature.  If  the  anneal  is  too  brief  to  allow 
such  equilibrium  to  be  achieved  (and  the  rate  for  a  crystal  to 
undergo  such  change  depends  among  other  things  on  the  availability 
of  local  dislocations) ,  then  N°  depends  on  both  ND  and  the  time- 
temperature  cycle.  However,  i;  the  anneal  is  lengthy  enough,  the 
final  result  should  become  independent  of  ND>  with  a  value  for  N° 
determined  by  the  As:Ga  ratio  and  the  anneal  temperature  itself. 

This  should  be  true  whether  EL2  is  (as  some  have  asserted) 


etc 


perhaps  all  of  those  strange  entities  just  mentioned  exist  in 
finite  concentrations,  with  the  relative  strengths  determined 
by  the  As:Ga  ratio.  We  thus  consider  that  further  basic 
studies  of  GaAs  high  temperature  defect  chemistry  ought  to  be 
very  valuable  in  illuminating  methods  by  which  the  production 
of  highly  uniform  high  quality  SI  GaAs  may  be  assured.  The 
availability  of  dislocation-free  GaAs  (by  indium  doping,  or 
any  other  methods)  may  sound  attractive,  but  might  in  fact  not 
be  necessary  for  MESFET  IC  applications.  (We  know  that  any 
dislocation  is  bad  news  indeed  for  optoelectronic  applications, 
but  that  lies  outside  our  present  terms  of  reference.) 

One  problem  in  trying  to  determine  just  which  are  the  vital 
extrinsic  variables  for  SI  GaAs,  and  to  what  extent  can  defects 
and  dislocated  be  tolerated  for  IC  applications,  is  that  evidence 
is  gathered  statistically  rather  than  causally.  One  is  not, 
for  example,  able  to  observe  a  shift  of  as  a  specific  disloc¬ 

ation  is  moved  nearer  or  further.  Instead,  one  assembles  infor¬ 
mation  about  V  ^  for  many  devices,  and  compares  this  with  mapping 
information  about  dislocation  density  ,  neutral  EL2  concent¬ 
ration  N°,  resistivity,  carrier  mobility,  luminescence,  etc.,  as 
measured  over  the  area  of  the  device  wafer  or  a  slab  cut  adjacent 
to  that  wafer.  Separation  of  the  true  kernel  of  the  truth  from 
much  chaff  is,  accordingly,  a  slow  business,  with  many  conflic¬ 
ting  claims  and  counter-claims.  Yet  continuation  of  attempts 
to  map  hopefully  important  properties  is  necessary  since  more 
direct  causal  approaches  exist  only  as  "thought  experiments". 


With  the  encouragement  of  Dr.  Richard  Reynolds  of  DARPA, 
we  have  become  involved  in  such  mapping  of  properties,  the  exp¬ 
erimental  work  itself  being  largely  under  the  aegis  of  another 
program  funded  by  NSF.  Part  IV  of  this  Report  gives  some  idea 
of  the  amount  of  GaAs  wafer  mapping  work  that  has  been  reported 
in  the  recent  published/conference  literature,  and  reports  also 
on  mapping  measurements  made  by  us  specifically  to  assist  in 
the  DARPA-funded  effort. 


of  Gallium  Arsenide  Wafers 

As  noted  in  Part  III  (on  page  82) ,  evidence  concerning 
how  a  GaAs  device  may  or  may  not  be  affected  by  various  aspects 
of  the  material's  extrinsic  properties  has  to  be  gathered  princ¬ 
ipally  by  statistical  rather  than  direct  causal  study.  One  can 
determine  causally  how  the  operation  of  a  FET  is  affected  by 
the  strength  of  implant  dose  coupled  with  the  energy  distribution 
of  implanted  ions,  since  these  variables  determine  the  depth  and 
condutance  of  the  channel.  However,  the  influences  of  substrate 
properties  such  as  EL2  concentration,  carbon  concentration, 
dislocations,  etc.,  must  be  inferred  from  statistical  analysis 
of  many  devices  and  much  material . 

Since  one  would  like  devices  to  be  of  high  performance  and 
of  high  uniformity  over  a  wafer,  from  wafer  to  wafer,  and  from 
batch  to  batch,  the  mapping  of  a  wafer's  properties  becomes  a 
useful  tool  in  that  quest  for  information.  Such  mapping  is 
especially  useful  from  the  device  aspects  if  one  can  then  fabr¬ 
icate  devices  in  the  wafer  that  has  been  mapped,  and  proceeds  to 
map  the  properties  of  a  device  array  extending  over  the  wafer's 
area.  As  noted  below,  there  have  been  a  number  of  recent  studies 
with  that  objective. 

The  question  of  devices  laid  aside  for  a  moment,  the  mapping 
of  extrinsic  semiconductor  variables  throughout  a  wafer  -  or, 
better  still,  throughout  an  entire  melt-grown  ingot  -  can  provide 
valuable  information  to  the  crystal  grower  as  to  how  well  his/her 


growth  technique  is  adapted  to  the  production  of  uniformly  high 
quality  material.  Thus  comparison  of  maps  for  one  extrinsic 
material  property  with  another  can  be  helpful  towards  the  goal 
of  making  GaAs  crystal  growth  an  optimized  near-science.  Those 
who  grow  crystals  may  be  offended  by  our  choice  of  the  term 
"near-science",  but  we  hope  they  can  take  our  view  construct¬ 
ively  that  a  full  understanding  of  the  high  temperature  defect 
chemistry  of  GaAs  is  a  prerequisite  to  making  this  an  exact 
science . 

Section  IV. A.  is  used  to  give  an  abbreviated  listing  of 
some  recent  published  papers/conference  presentations  dealing 
with  various  aspects  of  GaAs  wafer/slab  extrinsic  mapping.  To 
keep  this  summary  brief,  complete  citations  are  not  given,  but 
the  indication  of  first  author,  year,  and  journal  (or  conference) 
will  be  enough  to  allow  those  who  wish  to  locate  any  of  these 
items . 

The  paragraph  above  refers  to  mapping  of  GaAs  wafer/slabs, 
since  in  some  instances  the  sample  needed  to  be  several  milli¬ 
meters  thick,  rather  than  the  normal  0.4  to  0.6  mm  thickness  of 
a  wafer  intended  for  device  fabrication.  This  has  been  true 
for  studies  of  carbon  concentration  through  the  17  ym  absorption 
of  CAs  sites;  and  for  the  vast  majority  of  measurements  and 

qualitative  observations  of  neutral  EL2  through  its  near-IR 
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absorption.  Only  the  work  carried  out  here,  '  '  and  recent 

work  by  the  Freiburg  group,37  has  been  able  to  measure  EL2 
absorption  with  wafers  of  "normal"  thickness. 


GaAs  Extrinsic  Variables  throughout  Wafer/Slab-like  Samples 
and  of  Related  Wafer  Mapping  of  Devices 


The  tables  presented  in  this  section  reproduce  and  update 
the  information  provided  as  an  appendix  to  the  Interim  (6-month) 
report  for  this  project. 

In  order  to  fit  the  lines  of  print  of  the  various  tables 
into  standard  page  width,  the  typed  text  has  been  reduced  to 
77%  of  its  original  size.  It  is  believed  that  the  resulting 
tables  are  still  legible. 

See  Section  IV. B,  starting  on  page  91,  for  comments  on  the 
material  in  these  Tables,  and  for  examples  of  mapping  work 
carried  out  in,  or  in  collaboration  with,  our  OGC  program. 
IV.A.l.  Papers  Reporting  Spatial  Variation  Across  a  SI  GaAs 
Wafer  of  Resistivity  (or  of  "Leakage  Current"  Test  for  Intrinsic 
Photosensitivity 


Authors 

Published 

Conference 

Publl-  Type  and  size  of 
cation  Crystals  ueed 

Results  reported 

or  Journal 

Date 

Blunt 

Evlan  Conf. 

1982 

50  an  LEC 

wafers 

and  HB 

Contour  nap  from  "dark  spot”  reaponse 

Grant  at  al . 

It  If 

1982 

50  an  LEC 

(HP) 

Contour  nap 

Matauaura  et  al . 

J.J.A.P. 

1983 

50  ass  LEC 

(HP) 

Line  scan  (M-shape  for  p  and  photo-leakage) 

Holaas  et  al. 

A.P.L. 

1983 

75  an  LEC 

(HP) 

Line  acane 

Hits  et  al. 

A.P.L. 

1983 

50  an  LEC, 

&  HB 

Pseudo-30  plots,  for  photoreaponse  a  leakage 

Duseaux  a  Hart In 

Kah-nee-ta 

1984 

50  an  LEC, 

In-doped  Radial  variation  shown  only 

Runsby  at  el* 

II  II  II 

1984 

50  tm  LEC, 

annealed 

Line  trace 

Gouteraaux  e£  al . 

Biarritz 

1985 

50  tm  LEC 

(HP) 

Mosaic  plot  of  R||  (1.5  an  res.)  coapared  with  EL2 

■yuga 

J.J.A.P. 

1985 

50  an  LEC 

(HP) 

Plots  of  Hall  coefficient  aa  correlated  with  local 
dislocation  density. 

Tanura  and  Onuaa 

J.J.A.P. 

1985 

50  m  LEC 

(HP) 

Radial  plots  of  carrlar  nobility  and  resistivity 
coapared  with  dislocation  atch  pit  density. 

Byuga  e£  al . 

A.P.L. 

1985 

50  an  LEC 

(HP) 

Disaster  plots  for  carrier  concentration,  as 

(Incl.  In -doped)  correlated  with  dislocation  density. 
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IV. A. 2.  Papers  Describing  Mapping  of  Dislocation  Density* 
Throughout  GaAs  Wafers  (usually  SI  LEC  Wafers) 


Authors 

Publlahad 

Confarancc 

Publi¬ 

cation 

Type  and  site  of 
Crystals  used 

or  Journal 

Dace 

(a)  Based  on  Etch  Pit 

Count Ins 

Crant  at  al. 

Evlan  Conf. 

1982 

50  hi  LEC  (HP) 

Mosaic  aap  display  of  EPD 

Bonnet  at  al. 

•  •  It 

1982 

50  m»  LEC  (HP) 

Mosaic  aap  of  EPD 

Rolaes  at  al. 

A.P.L. 

1983 

75  aa  LEC  (HP) 

Radial  line  trace  of  EPD 

Matauaura  at  al . 

J.J.A.P. 

1983 

50  ms  LEC  (HP) 

Line  scan  of  EPD 

Hits  at  al . 

A.P.L. 

1983 

50  aa  LEC  A  HB 

Faeudo-3D  plot  of  EPD 

Ho lac a  and  Chan 

J.A.P. 

1984 

75  m  LEC  (HP) 

Contour  aaps  of  EPD 

Ponca  at  al . 

Kah-nee-ta 

1984 

LEC  (prob.  LP) 

Line  scan 

Pelgen  at  al. 

•1  It  tt 

1984 

60  an  LEF  (LP) 

Line  scan 

DiLorenxo  £t  al. 

ft  tl  It 

1984 

LEC,  lncl.  In-doped 

Contour  plot,  and  full-wafer  photos 

Stlrland  at  al . 

M  tl  It 

1984 

LEC 

Hlgh-napnlf lcatlon  TEM  coapared  with  EPD. 

Hakanlahl  at  al. 

ICSSDM,  Kobe  1984 

FEC ,  In-doped 

Line  scan 

Ipuga 

J.J.A.P. 

1985 

50  m  LEC 

Local  dislocation  density  correlated  with 
carrier  density,  aa  froa  Hall  coefficient. 

Taaura  and  Onuaa 

J.J.A.P. 

1985 

50  aa  LEC 

Radial  plots  of  resistivity  and  Hall  aoblllty 
coaparad  with  local  dislocation  density. 

Tana da 

A.P.L. 

1985 

50  aa  LEC 

Photoelastic  aeaaureaenta  of  strain  dist¬ 

ribution  (arising  froa  dislocations)  shown 
aa  aatrlx  plots. 

(b)  Pictures  and/or  Traces  froa  X- 

■ray  Topographs 

Brown  at  al . 

Kah-nee-ta 

1984 

50  aa  LEC  (HP) 

3  me  wafers  used,  slip  bends  shown 

Ponca  at  al . 

tl  It  tt 

1984 

LEC  (prob.  LP) 

Transalsslon  picture  of  full  half-wafer 

Leigh  at  al . 

tt  It  tl 

1984 

50  aa  LtC  (HP) 

0.3  an  wafers  used  for  XRT,  etc. 

Strauaacr  A  Rosencwalg  . . 

1984 

LEC 

Thermal -wave  laage  coap.  with  XRT  for  hlgh-nagn 

* 

Note  that  many  of  these  investigations  have  used  chemical 
etching  of  the  GaAs  surface  to  create  and  observe  dislocation 
etch  pits.  The  X-ray  topographic  method,  for  which  the  Table 
above  shows  just  a  handful  of  1984  examples,  is  in  fact  now 
being  vigorously  studied  in  numerous  laboratories  .  Much  more 
literature  is  currently  in  press. 


F'WS 


(N°)  in  SI  GaAs  Slabs  or  Wafers,  from  Near-IR  Transmittance 


Author* 

Publlahad 
Confaranca 
or  Journal 

Publi¬ 

cation 

Data 

Type  of  Dll 
Crystal  i 

*- 

• 

11 

_ „  .  Other 

TMckneaa 

Features 

Fora  of  Data  Praaantatlon 

Holmes  «t  ai 

Evlan  Conf. 

1962 

LEC  (hB 

4 

Radial  line  plot 

Holaaa  at  al- 

A.P.L., 

1963 

LEC  (HP) 

75 

4 

Radial  line  plot 

“rozal  at  al. 

A.P.L. 

1963 

LEC  (HP) 

50 

5 

Radial  line  plot;  also  vldlcon 
aicrograph 

r-.ciaas  at  al. 

A.P.L. 

1983 

LEC  (HP) 

75 

4 

Contour  plot  (aeasurenent  sites 

on  grid  of  3  an  x  6  am) . 

Skolnlck  at  al. 

J. Elect .Mat 

.  1984 

LEC  (HP) 

50 

5 

High  resolution  vldlcon  pictures 

Skolnlck  at  al. 

A.P.L. 

1964 

LEC  (HP)  to 

75 

3 

High  resolution  vldlcon  pictures 

Moines  A  Chan 

J.A.P. 

1984 

LEC  (HP) 

75 

4 

Contour  plots  based  on  measured 

3  an  x  3  am  grid  of  locations 

Duaaaux  A  Martin 

Kah-nee-ta, 

1984 

LEC  (HP) 

50 

4 

In-doped 

Mosaic  plot  (1.5  am  resolution) 

Oaaka  A  Hoahlkawa 

•t  •«  II 

1984 

VMLEC  (HP) 

75 

? 

Magn.  field 

Radial  line  plot  only 

Foulkes  at  al. 

It  ••  M 

1984 

LEC  (HP) 

50 

5 

In-doped 

Vldlcon  pictures,  aed-hlgh  res. 

Riasbv  at  al . 

It  It  M 

1984 

LEC  (HP) 

50 

5 

Annealed 

Radial  line  trace  only 

Holmes  at  al. 

tt  tt  tl 

1984 

LEC  (HP) 

75 

4 

Inc 1. Anneal 

Contour  plots;  3  x  6  am  resolution 

Lalah  at  al. 

It  M  II 

1984 

LEC  (HP  ALP) 

50 

5 

Incl .Anneal 

High  resolution  vldlcon  pictures 

Dobrllla  at  al. 

II  II  II 

1984 

LEC  (HP) 

50 

0.5  A  5 

Mosaic  plots  (1  am  resolution) 

Ksufaann  at  al. 

II  II  II 

1984 

LEC 

50 

4 

Vldlcon  laages,  aedlum  resolution 

Broaal  at  al. 

•1  II  H 

1984 

LEC 

50 

5 

Line  acan  only 

Skolnlck  at  al. 

It  It  It 

1984 

LEC 

56 

3 

Hlgh-reaolut Ion  vldlcon  pictures 

Hang 

II  II  II 

1984 

LEC  (LP) 

60 

4 

Line  acan  only,  u  me  resolution 

Brown  at  al. 

•1  II  H 

1984 

LEC  (HP) 

50 

3 

Vldlcon  aicrograph 

Brozal  at  al. 

J.A.P. 

1984 

LEC  (HP) 

50 

3  A  5 

Line  acans  A  vldlcon  pictures 

Martin  at  al. 

Biarritz 

1985 

LEC  (HP) 

50 

4 

In -doped 

Mo aalc  plots  before  and  after 

Ingot  anneal 

Brozal  «  aK 

Biarritz 

1985 

LEC  (HP) 

50 

5 

Blgh-raaolutlon  vldlcon  mlcro- 
photoa,  attempt  at  stereo  view. 

Goutaraaux  at  al . 

Biarritz 

1985 

LEC  (HP) 

50 

5 

Mosaic  plot,  1.5  an  resolution 

Blakaaora  at  al. 

WOCSEMMAD (not  Publ . 

)  LEC  (HP) 

50 

0.5 

Mosaic  plot,  1  an  resolution, 

compared  with  device  parameters 

Dobrllla  jU  al. 

MRS/SFO 

1985 

LEC  (HP) 

50 

0.5 

Mosaic,  1  am  res.,  device  comp. 

Wlndachlef  a£  al. 

A.P.L. 

1985 

LEC  (HP) 

50 

0.5  -4 

.0 

Line  scana  repeated  to  build 
up  2-D  picture  of  tranealsslon. 

Dobrllla  A  Blakaaore  J.A.P. 

1985 

LEC(HPZLP) 

50/75 

0.5 

Mosaic  plot,  0.5  an  resolution. 

Dobrllla  at_  al . 

MBS  Mtg. 

1985 

LEC  (HP) 

50 

0.5 

Comparison  of  aosalc  plots  for 

EL2  with  device  properties. 

Dobrllla  A  Blakaaora  DRIP  Syap. 

1985 

LEC(HF/LP) 

50/75 

0.5 

Comparison  of  EL2  matrix  plots 

with  device  properties. 

Wlndachlef  at  al,. 

DRIP  Syap. 

1985 

LEC  (HP) 

50 

0.5 

Line  acans  repeated  for  2-D  plot. 

Martin  A  Duaaaux 

DRIP  Syap. 

1985 

LEC  (HP) 

50 

5 

Mosaic  plots;  anneal  effects. 
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IV. A. 4.  Papers  Reporting  on  the  Spatial  Dependence  Across  a 


GaAs  Slab  or  Wafer  (usually  SI,  and  usually  LEOgrown)  of  the 


* 

Concentration  of  Carbon  (and  other  shallow  acceptors) . 


Authors 


Published  Publl- 
Conference  cation 
or  Journal  Date 


Type  and  site  of 
Crystals  Used 


Results  Reported 


Holaes  at  al . 

Evlan 

1982 

75  wbi  LEC  (HP) 

Radial  line  plot,  from  LVM  absorption  at  17  urn 

Mlyazava  at  al . 

A.P.L. 

1984 

50  an  LEC 

Room  tamp,  cathodolumlnescence ,  line  scans 
with  high  resolution  (  ^  2  um). 

Tokogava  at  al . 

J.J.A.P. 

1984 

50  &  75  m  LEC 

Mosaic  plots  of  4.2  K,  1.49  eV  PL,  2  am  resolution 

Duseaux  and  Martin 

Kah-nee-ta 

1984 

50  bd  LEC.  In-doped  Reports  uniform  low  carbon  from  LVM  absorption 

Kltlhara  et_  al. 

•t  II  II 

1984 

LEC  and  VPE  layers  Line  scans  of  PL  at  1.494  eV  (carbon)  and 

at  1.490  eV  (zinc)  along  (010)  and  (011)  diameters 

Lalgh  et  al . 

•1  II  If 

1984 

50  am  LEC  (HP) 

4.2  K  cathodolumlnescence  in  SEM,  with  photos 
of  5  x  5  eamplea,  and  detailed  line  scans 
at  1.514  eV  (e-h,  flat)  and  1.494  eV  (rugged) 

Chin  et  al. 

A.P.L. 

1984 

LEC  and  HCF 

300  K  cathodolumlnescence  micrographs 

Yokogawa  et^  al_. 

Biarritz 

1985 

50  &  75  am  LEC 

Mosaic  plots  of  1.49  eV  PL  showing  anneal  effects 

Klkuta  at  al . 

Biarritz 

1985 

Undoped  S.l.(LEC’) 

Mlcrofocuaaed  laser  spot  used  to  generate  high 
resolution  PL  image  at  1.49  aV,  compare  with  the 
PL  Images  for  0.85  eV  and  0.B  eV. 

Marwick  and  Brown 

A.P.L. 

1985 

LEC 

High  spatial  resolution  near  band  gap  PL  Images. 

Bomma  at  al. 

J.A.P. 

1985 

Small  crystals  by 
ln-sltu  synthesis 

Radial  plot  of  CA>  by  LVM  absorption. 

Chan  at  al_. 

A.P.L. 

1985 

75  am  LEC 

Radial  plots  of  CA(  by  LVM  abaorptlon,  compared 
with  V.,.  for  FETs  made  In  similar  material. 

Published  Publl-  Type  and  alee  of 


Authors 

Confarancc 
or  Journal 

cation 

Date 

Crystals  used 

Results  Reported 

DlLoranzo  at  al. 

Kah-nee-ta 

1984 

LEC,  inc.  In-doped 

Mosaic  plot  of  FET  V  ^ 

Takebc  at  al . 

ft  ••  ft 

1984 

75  wm 

LEC  (Mod  .P) 

Mosaic  plots  for  V  h  and  K 

Lac  at  al. 

ft  M  M 

1984 

75  m 

LEC  (HP) 

Pseudo- 3D  plots  of  Vt^  for  PET a  aligned 
along  [010],  [011],  and  [Oil]  directions. 

Winston  at  al. 

•  1  M  H 

1984 

50  OB 

LEC,  In-doped 

Line  plots  of  Vlh  for  lov-dlsloc.  material 

Yamazakl  £t  al . 
Winston  e£  al . 

A.P.L. 

Biarritz 

1984 

1985 

50  mi 

75  mi 

LEC ,  In-doped 
LEC,  In -doped 

Mosaic  plots  of  V  h  for  low  dlaloc.  mtl. 
Concerned  with  dislocation  proximity  In  low- 
dlsloc.  material  as  affecting  Vtj,  and  CL. 

Takano  et_  al. 

J.J.A.P. 

1985 

50  mi 

LEC/HB 

Radial  plot  for  V  h  compared  with  lattice 
atraln  resulting  from  stoichiometry  variation 

Dobrllla  et_  al . 

A.P.L. 

1985 

50  an 

LEC 

Matrix  plots  of  VJh  and  1j,«.  for  wafers  that 
had  previously  been  Mppeo  tor  EL2,  showing 
substantial  correlation. 

Dobrllla  1  Blakemore 

D11P  Symp. 

1985 

50  mi 

LEC  (HP/LP) 

Correlation  shown  between  device  parameters 
and  local  EL2  concentration,  by  matrix  plots. 

Manlshl  a£  al . 

DRIP  Symp. 

1985 

HB  &  LEC 

Device  parameters  correlated  with  proximity 
of  dislocation,  and  effect  of  crystal  anneal. 

Chan  at_  al . 

A.P.L. 

1985 

75  mi 

LEC  (HP) 

Comparison  of  Vth  for  FETs  with  carbon  cone, 
as  maasured  by  LVM  IR  absorption. 

* 

Most  of  the  studies  noted  in  the  Table  above  relate  to 
parameters  of  MESFET  devices  fabricated  by  direct  ion 
implantation  into  SI  wafers.  As  can  be  seen  from  the 
entries  above,  most  of  the  wafers  so  processed  and 
subjected  to  device  mapping  were  of  LEC  GaAs,  usually 
of  the  undoped  (no  chromium)  variety,  and  with  several 
studies  examining  material  that  had  been  isovalently 
alloyed  with  indium  to  drastically  lower  the  dislocation 


density . 


In  late  1983,  an  experimental  system  was  built  at  the 
Oregon  Graduate  Center  for  near-IR  transmittance  mapping  of 
SI  GaAs  wafers,  and  several  of  the  fruits  of  having  that 
capability  are  noted  in  the  Table  on  page  88.  Our  work  was 
not  under  DARPA  sponsorship  at  that  time,  though  our  efforts 
were  (as  noted  on  page  83)  encouraged  by  Dr.  Richard  Reynolds 
of  DARPA. 

From  the  first,  we  placed  a  high  priority  on  achieving 

enough  precision  in  transmittance  measurement  to  be  able  to 

detect  the  EL2-related  absorption  coefficient  for  a  wafer  of 

normal  IC  thickness.  Our  first  results  using  this  system  were 

described  at  the  1984  Semi-Insulating  III-V  Materials  conf- 
38 

erence,  and  subsequent  accounts  on  work  with  this  measure- 

5  25  32 

ment  system  carried  out  under  NSF  sponsorship  '  '  have 

included  comparisons  of  EL2  maps  with  those  for  dislocation 
density  and  MESFET  parameters  in  the  same  wafers. 

While  recognizing  the  instantaneous  nature  of  the  qual¬ 
itative  but  useful  information  about  EL2  distribution  on  a 
macro-  and  micro-scale  that  can  be  achieved  with  an  infrared 
microscope  using  a  vidicon  viewer,  our  work  has  not  emphasized 
that  aspect  of  wafer  mapping,  for  two  reasons:  it  has  not  been 
up  to  now  quantitative  (though  Samuelson  at  the  University  of 
Lund  is  working  on  that) ,  and  it  is  usually  difficult  to  get 

enough  discrimination  unless  the  sample  is  several  mm  thick. 

37 

The  line-scanning  method  of  Windschief  et  al.  which  uses  a 
multi-element  array  of  silicon  detectors  has  been  able  to 
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achieve  absorption  discrimination  with  wafers  down  to  0.5  mm 
thickness  (though  it  could  not  when  that  group  first  claimed 
to  be  able  to  do  so!),  but  is  able  to  measure  only  the  absorption 
coefficient  referenced  to  that  of  a  second  wafer  (which  is  kept 
out  of  focus  so  as  not  to  impose  any  non-existent  spatial  feat¬ 
ures  on  the  computer-printed  map  of  the  subject  wafer.  We  have, 
in  fact,  provided  absolute  calibrations  of  two  GaAs  wafers 
at  several  wavelengths  for  that  group  at  the  Fraunhofer  Inst¬ 
itute  in  Freiburg,  which  they  can  then  use  as  their  "reference 
standards" . 

By  elimination,  we  have  adopted  the  point-by-point  scanning 
method,  using  a  stationary  optical  path  that  includes  a  region 
on  the  wafer  some  0.5  mm  in  diameter.  A  computer  control  moves 
the  wafer  laterally  with  respect  to  that  optical  path,  so  that 
transmittance  values  for  some  2000  locations  can  be  acquired  and 
stored  on  disc  in  a  20  minute  measurement  sequence,  these  invol¬ 
ving  determination  of  the  transmittance  to  some  0.03%.  That  allows 

us  to  determine  the  neutral  EL2  concentration  N°  in  a  0.5  mm 

14  -3 

thick  wafer  with  a  resolution  AN  =10  cm  Since  N°  for  SI 

LEC  GaAs  is  usually  at  least  2  x  10^5  cm  more  typically  from 

four  to  six  times  that  much,  and  sometimes  as  large  as  3  x 10 16 

cm  ^ ,  we  are  able  to  detect  quite  subtle  changes  in  N°  over  the 

area  of  a  wafer  in  which  this  property  happens  to  be  rather  uniform 

The  measurement  system  we  use  is  illustrated  in  Figure  7,  and 

32 

further  details  are  described  elsewhere. 

Despite  the  high  sensitivity  of  our  system,  even  this  does 
have  limits,  and  we  were  obliged  to  report  a  negative  result  on 
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Figure  7.  Schematic  of  the  system  used  at  the  Oregon 
Graduate  Center  for  measurement  of  neutral  EL2  density 
(N°),  from  the  near-IR  transmittance.  The  wavelength 
used  for  measurement  is  selected  normally  to  be  1.0  or 
1.1  pm,  though  for  samples  with  very  small  N°  the  sens¬ 
itivity  can  be  further  enhanced  by  measurement  at  a 
shorter  wavelength  (down  to  920  nm) . 
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one  aspect  of  our  EL2  mapping  work.  This  concerned  a  request 
by  DARPA  and  by  ARACOR,  Inc.  of  Sunnyvale,  California  (a  DARPA 
contractor)  to  attempt  observation  of  a  change  in  the  near-IR 
transmittance  attributable  to  the  kind  of  surface  treatment 
(a  chemo-mechanical  noncontact  polish)  applied  to  GaAs  samples 
at  ARACOR.  Over  a  substantial  period  of  time,  we  measured  and 
mapped  the  near-IR  transmittance  of  GaAs  slabs  (with  thickness 
up  to  5  mm)  and  much  thinner  wafers,  before  and  after  the  ARACOR 
process  had  been  used. 

If  indeed  the  lapping/polishing  methods  used  by  commercial 
GaAs  producers  does  cause  substantial  sub-surface  damage,  one 
might  indeed  hope  that  measurement  of  GaAs  before  and  after 
ARACOR' s  removal  of  that  damaged  layer  would  lie  above  the  lower 
limit  of  detectivity.  However,  we  were  not  able  to  detect  what¬ 
ever  small  change  in  transmittance  would  be  associated  with 
removal  of  that  affected  material.  (Of  course,  the  optical 
density  of  such  a  treated  wafer  did  change,  since  it  was  less 
thick  at  the  second  measurement.)  Figure  8  serves  as  a  summary 
of  what  we  found;  the  deduced  N°  was  the  same  for  the  ARACOR- 
treated  and  untreated  portions  of  a  Spectrum  Technology  SI  LEC 
wafer.  The  negative  result  obtained  for  this  0.6  mm  thick 
GaAs  (as  for  other  samples  we  measured  to  assist  ARACOR  and 
DARPA  in  this  study)  was  frustrating  to  the  ARACOR  staff,  but 
not  really  surprising,  since  any  sub-surface  damage  of  different 
opacity  would  be  expected  to  be  much  thinner  than  the  full  wafer 
thickness . 


Figure  8 .  Transmission  data  (converted  to  a 
grey-scale  plot  representation  of  the  apparent 
neutral  EL2  density  N°  in  two  portions  of  a 
(Spectrum  Technology)  SI  GaAs  wafer  grown  by 
low-pressure  LEC .  The  right-hand  part  of  the 
figure  shows  results  for  a  portion  having  received 
ARACOR's  "non-contact  polishing"  treatment. 

Allowing  for  the  slightly  different  thicknesses 
of  these  two  pieces  of  GaAs,  the  mean  value  deduced 
is  N°  =  9  x 1015  cm-^  in  both  cases.  Thus  (for  a 
sample  of  thickness  0.6  mm)  any  change  in  optical 
density  caused  by  the  ARACOR  treatment  is  not 
detectable . 
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As  an  example  of  successful  work  with  EL2  measurement 

carried  out  to  assist  DARPA- supported  work.  Figures  9  and  10 

show  maps  of  N°  for  two  SI  LEC  GaAs  wafers  grown  at  Westing- 

house  Research  and  Development  Center.  Wafer  BN106#16,  for 

which  Figure  9  shows  the  variations  of  N°,  evidently  came  from 

near  the  seed  end  of  an  "undoped"  ingot  (we  presume  Wafer  #16 

of  Crystal  BN106);  the  EL2  concentration  has  a  satisfactory 

degree  of  uniformity  (  ±5%  excursions  about  the  mean  N°  = 

5.8  x 1015  cm"^) ,  and  there  is  slight  evidence  of  the  four-fold 

symmetric  pattern  resulting  from  strain  anisotropy  in  the 

29 

cooling  crystal. 

Figure  10  shows  the  corresponding  N°  map  for  a  wafer  from 

one  of  the  indium-alloyed  SI  LEC  GaAs  crystals  grown  at  Westing- 

house.  Apart  from  the  customary  indication  of  a  (Oil)  flat, 

this  wafer  was  not  fully  round  -  though  more  nearly  so  than 

indicated  in  the  plot  itself.  We  were  not  advised  as  to  the 

dislocation  density  in  this  In-doped  material  -  and  have  not  yet 

had  the  temerity  to  etch  it  to  expose  dislocation  etch  pits; 

preferring  first  to  obtain  other  nondestructive  tests,  then  get 

devices  made  and  measured,  before  embarking  on  the  irreversible 

step  of  etching  with  KOH .  However,  we  were  advised  by  Dr. 

McGuigan  of  Westinghouse  that  this  material  i£  semi-insulating, 

and  that  it  received  a  post-growth  anneal.  Observe  that  despite 

a  presumably  low  to  zero  dislocation  density,  N°  is  moderately 
—  15-3 

large:  N°  =  7.2x10  cm  ,  some  20%  larger  than  in  the  sample 
of  Figure  9.  Observe  also  that,  for  reasons  not  yet  understood, 
the  spread  of  N°  values  is  rather  larger  in  this  case.  There  is 
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Map  of  Near-IR  Absorbance/EL2  Concentration  N* ,  for  Semi>Xnsulating 
Veatlnghouae  Ondoped  LEC  Wafer  BN106*16.(d  -  50  m,  t  «  0.53  an) 

Measured  at  300  K,  and  X  »  1.00  urn. 
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Average  neutral  EL2 ,  N®  «  5.8x10  cm  ,  with  ±52  excursions. 
Max.  shading  ■  where  K°  >  6.0 x  1013  cm'3  (a  >  0.72  cm-1) 


Zero  shading  where  N( 


5.6  xlO15  cm'3 


(a  <  0.68  cm  j 
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Four  Intermediate  shadings  used  with  Interval  AN®  •  1  x 10  cm 


£  ■ 


30 


? 


Map  of  Hoar-in  Absorbance /EL2  Concentration  N  ,  for  Semi-Insulating 
Vcstinghousc  In-Doped  LEC  Wafer  BK109#82  (t  -  0.58  on,  area  slightly 
flattened  from  a  full  50  mm  circle.  The  actual  area  does  extend 
somewhat  beyond  the  two  lines  drawn  below.) 

Measured  at  300  K,  and  at  X  ■  0.95  ym. 


Average  neutral  EL2,  N*  *  7.2x10  cm  ,  with  a  few  areas  up  to  13%  above 
that  average.  (The  shading  scheme  below  leaves  areas  of  average  N#  blank.) 

Max.  shading  ■  where  N*  >  8.3  x  10^  cm  ^  (o  >  1.16  cm  *) 

Zero  shading  where  K*  <  7.5  x  10*^  cm  ^  (o  <  1.04  cm  *) 
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with  four  Intermediate  degrees  of  shading  used,  interval  AN*  *2.25x10 
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clearly  a  need  for  further  study  of  the  effects  of  both 
post-growth  heat  treatment,  and  of  indium-alloying,  on  the 
resulting  spatial  distribution  and  mean  value  of  EL2. 

This  final  section  of  the  Report  concludes  with  a  brief 
account  of  work  we  have  carried  out  in  collaboration  with  Tri- 
Quint  Semiconductor  of  Beaverton,  to  compare  measurements  of 
EL2  N° ,  dislocation  density  N_,  and  parameters  of  direct-implant 


MESFET  devices  such  as  Vfch  and  Idss 


While  this  work  was  not 


directly  sponsored  by  DARPA,  it  is  closely  linked  with  the 
views  expressed  in  various  earlier  pages  of  this  Report,  that 
full  success  in  implementing  high-performance  high-speed  GaAs 
devices  depends  on  a  fuller  understanding  of  how  material  and 
device  properties  are  related. 

Figure  11  shows  N",  Vfch,  and  Idgg  mapped  for  a  50  mm 
wafer  of  Cominco  SI  GaAs,  coming  from  near  the  tail  end  of  a 
high-pressure  LEC  ingot.  As  an  important  adjunct  to  the  maps 
of  Figure  11,  it  should  be  noted  that,  subsequent  to  the  fabric¬ 
ation  and  measurement  of  enhancement  mode  FETs  and  other  devices 
in  this  wafer  (done  at  Triquint) ,  we  destroyed  those  devices 
as  an  inevitable  consequence  of  immersing  the  wafer  in  molten 

KOH  to  determined  the  magnitude  and  spatial  variation  of  ND 

5  -2 

To  our  surprise,  in  this  wafer,  while  large  (^2  x 10  cm  ) 
was  essentially  uniform.  Thus  changes  in  device  parameter 
could  not  be  linked  directly  to  the  proximity  or  non-proximity 
of  a  dislocation.  Yet  there  was  a  distinctive  spatial  pattern 
for  the  device  values  of  I^  and  Vfch,  which  Figure  11  shows  to 
be  significantly  correlated  with  variations  of  EL2  N°.  Indeed, 
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a  correlation  plot  of  or  Iggs  with  N°  for  this  wafer  shows 

25 

a  correlation  with  a  >99%  significance. 

This  does  not,  of  course,  mean  that  dislocations  have  no 

effect  on  device  properties,  but  it  does  show  that  the  local 

EL2  concentration  affects  the  FET  channel  characteristics, 

presumably  through  the  space  charge  of  EL2  sites  at  the 

channel/substrate  interface.  For  some  other  wafers,  we  have 

seen  N°,  N^,  and  device  parameters  all  showing  the  same 

spatial  pattern,  such  as  the  familiar  stress/dislocation 

four-fold  pattern  described  by  Jordan  from  thermoelastic 
29 

considerations . 

At  the  conclusion  of  this  DARPA  contract,  we  are  continuing 
to  measure  and  map  EL2,  and  to  collaborate  with  others  concerning 
measurements  and  analyses  that  various  groups  can  do  best.  Our 
collaboration  with  TriQuint  on  devices  continues,  and  we  have 
measured  "undoped"  and  "indium  doped"  wafers  from  a  wide  variety 
of  US,  European  and  Japanese  commercial  suppliers,  from  which 
we  eventually  hope  to  find  further  correlations  between  materials 
and  device  properties. 
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